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ABSTRACT
The mechanism of non-genotoxic hepatocarcinogenicity of the antihistaminic drug 
methapyiilene was studied using rat hepatocytes. Optimal survival of rat hepatocytes in 
culture was obtained when cells were plated in serum containing (10% FCS) medium, left 
to attach for 2 hours and then maintained in serum-free medium containing EOF, insulin 
and dexamethasone. At 48 hours of culture there was maximal stimulation of DNA 
synthesis by EOF and 0.5 pM methapyiilene and 1 mM phénobarbital stimulated DNA 
synthesis further.
Methapyrilene was demonstrated to be an uncoupler of respiration as it produced a 
concentration-dependent increase in State 4 respiration rate of isolated rat hepatocytes. 
Low concentrations of MP produced stimulation of mitochondrial membrane potential and 
elevation of intracellular Ca^+ levels when isolated rat hepatocytes were incubated with 
methapyrilene for 1 to 5 minutes. Prolonged exposure to methapyrilene or high 
concentrations (3-10 mM) produced a toxic effect, inhibiting mitochondrial membrane 
potential and inducing cell death.
The effect of methapyrilene on programmed cell death (apoptosis) was studied with a 
fluorescent dye (Hoechst 33342), which stained DNA. The number of apoptotic cells with 
condensed chromatin was counted in hepatocytes cultured in medium with and without 
TGF-pi and several concentrations of test chemical. Methapyrilene did not induce 
apoptosis in serum-containing medium, whereas in the presence of EOF and hormones 
apoptosis was induced. The effect of methapyrilene on apoptosis was similar to the effect 
of phenobarbitone and it was dependent on culture conditions (presence of serum or EOF 
and hormones).
Methapyrilene produced an increase in release of intracellular Ca^+ into the culture 
medium after 24 hours in culture and a dose-dependent decrease in triglyceride content 
after 48 hours in culture.
The mechanism of hepatocarcinogenicity of methapyrilene can be explained by the 
modulation of cell proliferation and apoptosis through signal transduction pathways. 
Intracellular Ca^+ would be one of the second messengers involved as an increase in 
intracellular Ca^+ precedes both cell proliferation and apoptosis.
An optimal method of cryopreserving hepatocytes was investigated. Cooling rates between 
-10 and -50 °C/min appear optimal. The temperature of release of heat of fusion was the 
critical point in the cryopreservation protocols. Rapid cooling rates which reduced the 
release of heat of fusion were optimal. Hepatocytes after cryopreservation maintained 
similar levels of DNA synthesis to freshly prepared cultures and it was also stimulated by 
EOF after 48 hours in culture. However, Neutral Red uptake was decreased and 
cryopreserved hepatocytes were more sensitive to the toxic effect of methapyrilene. 
Cryopreservation had an adverse effect on mitochondrial function because there were 
more cells with lower mitochondrial membrane potential compared to freshly isolated cells 
and an impairment of the respiration function was demonstrated.
n
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ABBREVIATIONS
AAF 2-acetylaminofluorene
ADP Adenosine diphosphate
AM Acetoxymethyl
AST Aspartate aminotransferase
ATP Adenosine triphosphate
Ca2+ Calcium
CA Clofibric acid
DDT 1,1,1 -trichloro-2.2-bis(4-chlorophenyl)ethane
DMSO Dimethylsulfoxide
DNP Dinitrophenol
EGF Epithelial growth factor
HCH Hexachlorocyclohexane
IMS Industrial methylated spirits
MMP Mitochondrial membrane potential
MP Methapyrilene
PB Phenobarbitone
PBS Phosphate buffered saline
PI Propidium iodide
Pt Platinum
Rhl23 Rhodamine 123
SE Standard error
SD Standard deviation
ST3 State 3 respiration
ST4 State 4 respiration
TPA 12-0-tetradecanoylphorbol-13-acetate
VIFM Video Intensified Fluorescence Microscope
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CHAPTER 1
INTRODUCTION
1.1. General introduction
Methapyrilene (MP) was used as an antihistaminic drug until it was reported to be a potent 
hepatocarcinogen in rats (Lijinsky et aU 1980), although it failed to induce tumours in 
hamsters, guinea pigs (Lijinsky et al, 1983) or mice (Brennan and Creasia, 1982). Further 
studies, have failed to elucidate the mechanism by which this chemical induces 
carcinogenesis although it has been speculated that MP is carcinogenic by a non-genotoxic 
mechanism because does not induce positive responses in the majority of short-term 
genotoxicity assays.
MP, as well as many other non-genotoxic carcinogens, have been reported to induce cell 
proliferation (Steinmetz et al, 1988; Richardson et al, 1992) in the organ where tumours 
ultimately develop (Grasso and Sharrat, 1991; Clayson et al, 1991). This suggests a 
possible role of chemically-enhanced DNA synthesis in the carcinogenic process. 
Chemically-induced cell proliferation may increase cancer-causing mutations either ly  
fixing the mutations caused by the DNA adducts, by simply increasing the probability of a 
spontaneous mutation and/or by providing a selective growth advantage to spontaneous 
preneoplastic cells.
A second hypothesis that has been proposed to explain the hepatocarcinogenicity of non- 
genotoxic carcinogens is the suppression or retardation of hepatocyte programmed cell 
death (apoptosis), allowing the survival of potentially tumorigenic cells that would 
otherwise be eliminated (Bursch et al, 1992; Schulte-Hermann, 1994). The effect of MP 
on apoptosis has not been studied.
It has also been reported that MP induces mitochondrial proliferation (Reznik-Schiiller and 
Reuber, 1981), however, the relationship between this effect and its hepatocarcinogenicity 
has not been investigated.
1.2. Classes of carcinogens
The first step in the carcinogenesis process (initiation) generally involves mutation of 
somatic cells. Proliferation of mutant cells is thought to result in the formation of foci of 
cells whose progress to malignancy depends on promotion and progression, which are 
poorly understood on a mechanistic basis.
1.2.1. Genotoxic carcinogens
Many chemical carcinogens are capable of producing radicals that bind with various cell 
constituents, including DNA. Interaction with DNA may lead to a mutagenic event. Such 
carcinogens with demonstrable mutagenic activity are termed genetically genotoxic 
carcinogens. They give a consistent and reproducible pattern of activity in bacterial, cell 
culture, and/or whole animal assays for genotoxicity. Examples include: 2- 
acetylaminofluorene (AAF), N-methyl-N-nitrosourea (MNU), methylmethanesulphonate 
(MMS).
1.2.2. Non-genotoxic carcinogens
Non-genotoxic carcinogens are chemicals capable of producing cancer by some secondary 
mechanism not related to direct DNA damage. Such chemicals usually induce cancer when 
administered throughout the animal's lifespan at high doses. At such high dose levels, 
marked biochemical and pathological changes invariably occur, shortly after comencement 
of treatment, in the organ in which cancer eventually appears.
Non-genotoxic carcinogens can be classified as:
Promoters and liver mitogens:
Promote development of tumours fiom initiated cells and stimulate cell replication and 
increased organ size (hyperplasia) without cytotoxicity. The action is reversible and 
continuous application over extended periods are required to exhibit carcinogenic activity. 
Examples include: 12-0-tetradecanoylphorbol-13-acetate (TPA), 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) sodium phenobarbitone (PB), alfa- 
hexachlorocyclohexane (HCH), polybrominated biphenyls, butylhydroxytoluene (BHT), 
ethinylestradiol, cyproterone acetate (CPA).
Peroxisomal proliferating/mitogenic liver carcinogens:
Initial growth in liver size, hepatic peroxisomal proliferation, lipofuscin accumulation and 
continual increased cell turnover. Examples include: clofibric acid (CA), methyl 
clofenapate, ciprofibrate, di(2-ethylhexyl)phthalate (DEHP), Wy-14,643.
Cytotoxic carcinogens:
Characterised by cytotoxicity and necrosis. Cell division is observed as regenerative cell 
growth to replace damaged tissue. Examples include: carbon tetrachloride (liver); unleaded 
gasoline, nitrolotriacetate, chloroform, perchloroethylene and pentachloroethane (male 
kidney rat); saccharin, ascorbate, uracil, terephtalic acid, BHT, butylated hydroxyanisole 
(BHA), isoleucine and leucine (bladder); BHA and ethyl acrylate (stomach).
Others:
Mechanisms not well documented. Hormones (e.g. diethylstilbestrol), thyroid carcinogens 
(e.g. thiocarbonyl compounds), solid-state carcinogens (e.g. asbestos, man-made mineral 
fibres).
1.3. Cell proliferation and chemical carcinogenesis
Cell proliferation is an important factor in human and experimental carcinogenesis because 
it may enhance the fixation of carcinogen-induced promutagenic DNA damage into 
heritable mutations and also enhance the clonal expansion of initiated cells. However, 
chemically-enhanced cell division does not always predict carcinogenicity. For example
DNA synthesis induced by 1,4-dichlorobenzene correlates with carcinogenicity in the 
mouse, but not in the rat (Eldridge et al, 1992) and acetaminophen induces sustained 
elevation of the labelling index (LI) in the liver, but does not induce cancer (Ward et al, 
1988).
Perturbations of cell-cycle controls may cause genetic instability that can increase 
spontaneous DNA damage and lead to tumor initiation. However, multiple check points 
exist during the growth arrest phases of the cell cycle that presumably permit repair of 
DNA damage before cell division. DNA damage at cell-cycle check points may be critical 
in carcinogenesis by establishing cellular lineages capable of undergoing replicative DNA 
sythesis with a damaged template (Kastan and Kuerbitz, 1993).
Other factors that may have an important role in the process of chemical carcinogenesis 
include:
1. The loss of gap junctions or a decrease in cell-to-cell communication may 
predispose cells to enhanced growth (Ruch and Klaunig, 1988). Gap junctions are 
decreased or absent in regenerating liver (Meyer et al, 1981) and in tumor tissues (Swift, 
et al, 1983). Intercellular communication can be decreased by growth factors and non- 
genotoxic carcinogens (Madhukar et al, 1987). Therefore one possible mechanism by 
which non-genotoxic carcinogens enhance initiated cell growth may be through their 
ability to inhibit intercellular communication.
2. An increase in the life span of a genetically altered cell could increase the possibility 
of that cell undergoing malignant transformation. Bursch and Schulte-Hermann (1989) 
suggested that non-genotoxic carcinogens may inhibit single cell death (apoptosis) in 
hepatocyte nodules resulting in their continued growth. This hypothesis is based on the 
fact that tumour promoters like PB can inhibit apoptosis of preneoplastic hepatocytes 
(Bursch, et al, 1984).
1.4. Evidence and proposed mechanism of carcinogenicity of methapyrilene
MP, at a concentration of 1000 ppm in the food, induced almost 100% incidence of 
hepatocellular carcinomas in rats (Lijinsky et al, 1980). Proliferation of mitochondria was 
observed at the ultrastructural level in hepatocellular carcinomas induced by MP (Reznik- 
Schiiller and Reuber, 1981). Reznik-Schiiller and Lijinsky (1981) found mitochondrial 
proliferation after only 2 weeks of MP treatment and a majority of bound radioactivity 
concentrated in the mitochondria after administration of [^H]-methapyrilene. Cunningham 
et al (1995) using two-dimensional gel electrophoresis detected quantitative changes 
induced by MP in 32 proteins and specific mitochondrial protein charge shifts associated 
with high-dose MP treatment (1000 ppm).
MP gives negative results in most genotoxicity assays (Table 1.1). An exception was cell 
transformation assays, in which MP consistently yielded positive results. These are assays 
that detect the ability of a compound to transform a normal cell into a cell with neoplastic 
potential, i.e. which have been demonstrated to grow as malignant neoplasms in vivo. In 
some mutagenicity assays where positive results were reported, there were conflicting 
negative results from other laboratories. For example results in the mouse lymphoma 
L5178Y TK'^/" mutagenesis assay were conflicting. Turner et al (1983) postulated that 
differences in the preparation and storage of S9 could result in the observed differences 
reported between laboratories. Casciano et al (1991) reported that MP failed to induce 
formation of DNA adducts. These authors suggest that MP induces mutations in this 
system through an indirect genotoxic mechanism e.g. via an oxidative mechanism or 
interaction with chromosomal proteins. This was supported by Lee et a/ (1994) who found 
that MP induces chromosomal aberrations on BH4 and CHL cells.
Shelton et al (1994) studied the mutagenicity of MP on Salmonella typhimurium strain 
TA1535 and found that MP produced and enhanced the same mutation that was the 
predominant mutation among the background revertants. MP had also a synergistic effect 
on the mutagenicity of NaNg obtaining the same predominant mutation. They suggest a
Table 1.1. Summary of genetic toxicology test results with Methapyrilene.
Assay Results Reference
In vitro assays
Mutagenesis assavs:
Salmonella - Andrews et al, 1980
- Probst et al, 1982
Salmonella strain TA 1535 + Ashby et al, 1988
+ Shelton et al, 1994
CHO/HGPRT - Casciano and Schol, 1984
L5178Y - Oberly et al, 1984
+ Blazak et al, 1986
+ Turner et al, 1983
+ Casciano ef a/, 1991
Chromosome aberrations:
L5178Y cells + Blazak et al, 1986
+ Clive et al, 1985
BH4 and CHL cells + Lee et al, 1994
Sister-chromatid exchanges fSCEl:
CHO cells - Type et al, 1982
V79 cells - lype et al, 1982
UDS (rat hepatocvtesl
autoradiographic - Probst and Neal, 1980
- McQueen and Williams, 1981
- Budroegf a/, 1984
- Steinmetz et al, 1988
scintillation counting + Althaus et al, 1982a
Alkaline sedimentation frat hepatocvtesl + Althaus et al, 1982b
Cell transformation:
SHE/SA7 + Hatch et al, 1986
BALB/C-3T3 + Matthews et al, 1986
Bacteriophage induction + Elespuru and Pennington, 1981
In vivo assays
Covalent binding - Lijinsky and Muschik, 1982
- Casciano et al, 1988
Salmonella mutagenicity of urine - Probst et al, 1982
SCE (rat bone marrow) - lype et al, 1982
Unscheduled DNA synthesis:
rat liver (male) - Mirsalis et al, 1985
mouse liver (female) - Steinmetz et al, 1988
S-phase synthesis:
rat liver (male) + Steinmetz et al, 1988
mouse liver (female) + Steinmetz et al, 1988
rat liver (male) + Richardson et al, 1992
mouse liver - Richardson et al, 1992
mechanism by which MP enhances the infidelity of the DNA replication complex or 
inhibits a DNA replication complex or inhibits a DNA repair or proof-reading function, 
resulting in the production of more of the same error that occurs normally and that is also 
induced by NaNg.
Covalent binding studies using [^H]-methapyrilene indicated that there was little binding to 
the DNA (Lijinsky and Muschik, 1982). Further studies confirmed that most of the label 
was found in protein in liver and kidney (Lijinsky and Muschik, 1982). Steinmetz et al 
(1988) reported that MP failed to induce UDS in rat or mouse liver following in vivo 
treatment or in hepatocytes firom rat and human treated in vitro. These authors also 
reported an induction of S-phase synthesis in rats and mice treated in vivo, which was also 
confirmed by Richardson et al (1992). They showed that 250 and 1000 ppm MP in the rat 
diet increased DNA synthesis in a dose-dependent manner that correlated with the tumour 
response in oncogenic studies. MP at 62.5 ppm did not increase DNA synthesis suggesting 
a no effect level for cell proliferation and therefore for carcinogenicity by this chemical in 
the rat.
Lijinsky (1984) examined the stmcturally related antihistamine pyiilamine and concluded 
that it was not carcinogenic. The only structural difference with MP is the substitution of 
an anisole with a thiophene moiety that may be responsible for the carcinogenic activity of 
MP (Figure 1.1). Rosenkranz and Klopman (1990) analysed the structure of MP using the 
artificial intelligence system CASE. They identified 3 sulphur-containing biophores 
(substructures) (Figure 1.2) associated with genotoxic carcinogenesis. Ashby (1992) argue 
that these biophores are the direct product of a limited 'appropriate' learning set in the 
CASE database.
Metabolic activation has also been proposed to explain the carcinogenicity of MP. It may 
be metabolised to form an iminium ion which could react with cellular macromolecules. 
However, the limited positive responses in short-term genotoxicity tests suggest that if an
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Figure 1.1. Structure of methapyrilene and the structurally related antihistamine 
pyrilamine.
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Figure 1.2. Biophore (a) is associated with the carcinogenicity of methapyrilene, and (b) 
and (c) with its mutagenicity to Salmonella (Rosenkranz and Klopman, 1990).
electrophilic metabolite of MP is formed, it probably never reaches DNA (Ziegler et al, 
1981). This metabolite could react with other macromolecules which could explain the 
toxicity observed both in vitro and in vivo.
Kelly et al (1992) identified the metabolites of MP produced by rat and mouse hepatocytes 
in suspension cultures. Mouse and rat hepatocytes biotransformed MP via N- and side- 
chain oxidation, N-dealkyation and glucuronidation. Glucuronidation predominated in both 
species. Rat hepatocytes were more efficient side-chain oxidisers than mouse hepatocytes 
yielding 2-thiophenecarboxyhc acid in a faster rate, nearly eight times that of mouse 
hepatocytes. These authors suggested that this may be the reason for the higher sensitivity 
of rat hepatocytes to MP compared to mouse hepatocytes.
1.5. Proposed mechanism of non-genotoxic carcinogenicity of phenobarbitone and 
clofibric acid
PB promotes hepatocarcinogenesis in the rat when exposed for several weeks, after 
initiation with 2-acetylaminofluorene (Peraino et al, 1971) or diethylnitrosamine (Pitot, et 
al, 1978). Continuous administration of PB results in hypertrophy, increase in the amount 
of smooth endoplasmic reticulum and increase in enzymes such as cytochrome P-450 and 7 
-glutamyltranspeptidase. Schulte-Hermann et al (1981) reported that a single dose of PB 
produced a higher proliferative activity in putative preneoplastic islands while proliferation 
in normal hver cells increased slightly. Cells of preneoplastic islands seem to have an 
inherent defect of growth control, being more susceptible to growth stimuli.
On the other hand, it was found that while PB stimulated DNA synthesis when added in 
vitro at concentrations lower than 3 mM (Sawada et al, 1987), it inhibited DNA synthesis 
at concentrations greater than 3 mM (Jirtle and Meyer, 1991). It was hypothesized that PB 
may ehcit tumour promotion by differential inhibition of mitosis of surrounding 
hepatocytes while permitting the initiated hepatocytes to respond to growth stimuli and
form foci and nodules. However, Manjeshwar et al (1992) reported that PB added in vitro 
inhibited DNA synthesis in normal hepatocytes and in hepatocytes isolated from persistent 
hepatic nodules that had been initiated with 1,2-dimethylhydrazine and promoted with 
orotic acid. This raises the question of whether differential mitoinhibition is the major 
contributing factor in the PB mediated rat liver tumour promotion model.
CA is an hepatocarcinogen that is known to increase the number of peroxisomes within the 
cell (Reddy and Lalwani, 1984). Oxidative stress, hpofuscin accumulation and sustained 
replicative DNA synthesis have been considered as a possible cause of the induced 
carcinogenicity of peroxisome proliferators (Reddy et al, 1980; Marsman et al, 1988). 
Eacho et al (1991) found that CA given to rats in the diet for 30 days increased hepatocyte 
replication with a peak during days 4-6. This replication was not sustained for 30 days 
although hepatomegaly and induction of peroxisomal p-oxidation persisted. They suggest 
that the mitogenic effect of CA is not the only factor in its hepatocarcinogenesis. Marsman 
et al (1992) suggest that while enhanced replicative DNA synthesis may contribute to the 
carcinogenic activity for some peroxisome proliferators, it appears that only a 
consideration of both sustained cell replication and promotional activity will accurately 
predict the hepatocarcinogenicity of the various peroxisome proliferators. They suggest 
that future risk assessment of peroxisome proliferators may need to be evaluated based 
upon their relative dose-dependent activities in both the early and late phases of 
hepatocarcinogenesis.
Non-genotoxic carcinogens such as the tumour promoters PB, HCH, 1,1,1 -trichloro-2,2- 
bis(4-chlorophenyl)ethane (DDT) and TPA and the peroxisome proliferators CA and 
nafenopin have been found to increase DNA synthesis stimulated by EGF in vitro (Bieri et 
al, 1984; Sawada et al, 1987; Yusof and Edwards, 1990; Uno et al, 1992).
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1.6. Investigation of cell proliferation utilising in vitro cell culture techniques
It has been well established that the DNA synthesis activity of primary cultures of rodent 
hepatocytes is stimulated by the addition of exogenous EGF (McGowan gf al, 1981; 
Francavilla et al, 1986; Chan et al, 1989), especially when combined with insulin and 
glucagon (Richman et al, 1976). Infusion of these substances into normal adult rats in vivo 
also induced cell proliferation (Bucher et al, 1978) suggesting that the interactions of these 
or similar types of substances have an important role in the physiological regulation of liver 
growth.
It has been reported that the optimal conditions to detect growth-stimulatory effects in 
hepatocytes are a low plating density (Nakamura et al, 1983; Yusof and Edwards, 1990; 
Michalopoulos et al, 1982) and the use of an hormonally defined serum-free medium 
(McGowan et al, 1981; Enat et al, 1984; Miyazaki et al, 1990, Parsefall et al, 1991; Yusof 
and Edwards, 1990; Sawada et al, 1987; Wôlfle et al, 1990). Enat et al (1984) found that 
serum inhibited the expression of liver-specific functions, was cytostatic to parenchymal 
cells at all seeding densities, and cytotoxic to them at low seeding densities. This may be 
due to a deficiency in components essential for survival and proliferation or the presence of 
inhibitors or toxic factors in the serum. Therefore, serum-free conditions are preferential to 
study the stimulation of cell proliferation in vitro.
Williams' medium E has been used extensively and it has been found to be a good medium 
to maintain hepatocytes under serum-ffee conditions in primary culture (Miyazaki et al, 
1990; Nakamura et al, 1983; Langenbach et al, 1979; Parzefall et al, 1991; Yusof and 
Edwards, 1990; Bieri et al, 1984). Several hormones and growth factors have been used in 
the past to supplement growth medium including: insulin, glucagon, prolactin, 
triiodothyronine, dexamethasone, hydrocortisone, ascorbic acid, proline, selenium and 
transferrin. Wilhams' medium E containing insulin, dexamethasone and EGF was chosen as 
an appropriate medium to measure effects of chemicals on DNA synthesis in rat 
hepatocytes in culture based on data reported in the literature (Sawada et al, 1987; Yusof 
and Edwards,1990).
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1.7. Programmed cell death (apoptosis)
Apoptosis is considered a process whereby organisms eliminate damaged, piecancerous or 
excessive cells. Apoptosis is involved in the disapearance of the tadpole’s tail and of the 
web of tissue between digits during embryogenesis, in the development of the nervous and 
immune system, in the differentiation of lymphoid cells eliminating self-reactive cells, and 
in the termination of an immune response by elimination of a selecte lymphocyte 
population.
Apoptosis is initiated in specific cell types by tissue-specific extracellular agents. It is 
activated either by the presence of an inducer or by lack of a repressor (Schwartzman and 
Cidlowski, 1993). It involves condensation of cell and of nuclear chromatin, fragmentation 
and phagocytosis by neighbouring cells. These stages have a duration of approximately 3 
hours (Bursch et al, 1990). Internal and external membranes appear to be well preserved 
so that cellular contents are sealed and no inflammation is seen around apoptotic cells. It 
seems to be a genetically encoded event that requires gene transcription and translation 
(Lockshin and Zakeri, 1990). In contrast, necrosis occurs after massive tissue damage 
leading to rapid collapse of internal homeostasis of the cell and it is associated with 
membrane lysis and inflammation (Kerr et al, 1972).
Ultrastructurally the earhest changes of apoptosis include the loss of cell junctions and 
other specialised plasma membrane structures such as microvilh. At the same time the 
cytoplasm condenses and nuclear chromatin coalesces into one or several large masses. 
Subsequently, the cell breaks up into several membrane-bound smooth-surfaced apoptotic 
bodies that contain a variety of intact cytoplasmic organelles and some nuclear fragments. 
In contrast with necrosis, in apoptosis mitochondria do not lose their function as an early 
event. The process of cellular fragmentation occurs extremely rapidly, within several 
minutes, and this, along with the lack of inflammation, makes it difficult to observe the 
death process occurring in tissues.
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There are certain characteristic alterations that are likely to be involved in the biochemical 
mechanism of apoptosis: increase in intracellular calcium, activation of protein kinases A 
and C, the requirement for macromolecule synthesis, and changes in gene expression. The 
earliest detectable change in cells undergoing apoptosis is a rapid, sustained increase in 
intracellular Ca^+ concentrations. This increase was seen in apoptotic hepatocytes by 
McConkey et al (1988). Inhibition of an increase in intracellular Ca^+ prevents cell death 
(McConkey et al, 1990) and treatment with Ca^+ ionophores such as A23187 or 
ionomycin to artificially raise intracellular Ca^+ concentrations leads to apoptosis in 
different types of cells including hepatocytes (Jones et al, 1989). It has been suggested that 
the role of the elevated intracellular Ca^+ levels in apoptosis is to activate an endogenous 
Ca^+-requiring endonuclease (Nicotera et al, 1992). Endonuclease hydrolyses DNA at 
sites between nucleosomal units, thus resulting in the stereotypic nucleosomal-sized ladder 
of DNA fragments. There is no apparent proteolysis of histones and other nuclear proteins 
and the nuclear matrix of apoptotic cells is unaltered. DNA fragmentation is used as 
diagnostic for the occurrence of apoptosis. On the other hand, in the process of necrosis 
DNA is either not fragmented or is non-specifically degraded into a continuos spectrum of 
sizes (Martin et al, 1990).
However, morphologically proven apoptosis in hepatocytes and other epithelial cells can 
occur without DNA fragmentation into oligonucleosomes (Bursch et al, 1992). Burch et 
al, (1992) do not consider DNA fragmentation as an early event in apoptosis although it 
may occur late as part of the lytic degradation of apoptotic bodies. They suggest that DNA 
fragmentation should not be considered a generally applicable marker of apoptosis.
Raised cAMP levels have been reported to induce apoptosis (Kizaki et al, 1990). The 
cAMP effect is mediated by protein kinase A. It consists of a mixture of 2 isoenzymes 
(type I and II). Type II isoenzyme causes a strong inhibition of cell proliferation and is 
accompanied by a decrease in type I (Cho-Chung, 1990). Active cell proliferation is related 
to an increase in type I. Activation of protein kinase C has been reported both to prevent
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(McConkey and Orrenius, 1991) and to induce (Tritton, 1991) apoptosis. Evans (1993) 
suggested that multiple pathways to apoptosis exist. These pathways could be linked to 
those involved in cell proliferation. For example the second messenger protein kinase C 
implicated in the induction of apoptosis is also involved in the signalling pathways 
accessed by growth factor receptors and G-proteins.
It has been observed that the addition of phorbol esters (tumour promoters) to 3T3 cells 
induce a pronounced increase in the levels of expression of c-fos and c-myc proto­
oncogene products (Rozengurt and Sinnett-Smith, 1987). Activation of oncogenes could 
be the link between the signal transduction cascade and the induction of replicative DNA 
synthesis and apoptosis.
Evans (1993) concluded that there are two major pathways leading to the self-deletion of 
single cells which probably share some intermediate steps in the intracellular signalling 
pathways:
• A genetically programmed death only accessible in certain types of cells, i.e. those 
which are deleted during development.
• A non-genetic pathway in which either the events directly or indirectly damage the 
DNA or lead to disturbances in the proliferative homeostasis, ultimately pushing the 
cell into apoptosis.
Lennon et al (1991) showed that cell death induced by a range of varied agents may take 
the form of either apoptosis or necrosis. Apoptotic cell death was found to occur at low 
levels of these agents, while at higher levels necrosis occurred. Hence, cells which are not 
killed directly, but merely injured by these agents, have the capacity to activate an 
internally programmed suicide death mechanism, whereas cells receiving greater injuries 
apparently do not.
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1.7.1. Role of apoptosis in liver carcinogenesis
The number of cells in a tissue depends on the relationship between the rate of cell 
proliferation and cell death. Normally a steady relationship is maintained and it is regulated 
by a series of both systemic hormones and local growth factors that regulate both the rate 
of cell proliferation and cell death. In cancer, the rate of proliferation exceeds the rate of 
death, thus resulting in continuous net growth. It has been reported that apoptosis serves 
to eliminate hepatocytes during involution of hormonally induced liver hyperplasia and 
during carcinogenesis in preneoplastic tissues (Bursch et al, 1984; Schulte-Hermann et al, 
1990).
Umansky (1982) reasoned that the frequency of mutation multiplied by the daily number of 
cells dividing in a human should produce a large number of cells with a potential oncogene 
mutation. To explain why a tumour does not always develop Umansky suggested that 
induction of programmed cell death was at least one mechanism for the elimination of cells 
with oncogenic mutation. Any mechanism that allows more transformed cells to survive 
will increase the risk of developing a cancer. Furthermore, any mechanism that enhances 
cell survival increases the likelihood of accumulating the necessary genetic changes 
required for a tumorigenic phenotype. For example, during tumour promotion induced by 
PB treatment a rapid net expansion of the altered foci occurs without an increase in the 
rate of cell proliferation due to a decrease in the rate of programmed cell death (Schulte- 
Hermann et al, 1990).
TGF-Pi is an inhibitor of epithelial growth that belongs to a family of proteins involved in 
the control of differentiation and tissue involution. Schulte-Hermann et al (1992) reported 
that cells undergoing apoptosis in the liver in vivo show immunostaining with antibodies 
against a precursor of TGF-pj. This suggests that hepatocytes preparing for apoptosis may 
either synthesise TGF-pj or take it up selectively from neighbouring cells in its precursor 
form. They demonstrated an induction of apoptosis by addition to the culture medium or 
injection in vivo into rats. A precursor was less active suggesting that TGF-pj in its
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mature form is a trigger for apoptosis in hepatocytes. Oberhammer et al (1991) also 
reported that TGF-Pi induced apoptosis in cultured hepatocytes and also augmented the 
incidence of apoptotic hepatocytes in rat liver initiated by a short preceding treatment with 
the hepatomitogen cyproterone acetate. They found that the chromatin of the apoptotic 
cells condensed and segregated into masses at the nuclear membrane and this was followed 
by fragmentation of the nucleus.
Bayly et al (1994) found that the peroxisome proliferator nafenopin reduced the number of 
apoptotic cells in cultures treated with TGF-pj. However, it had no significant effect on 
apoptosis induced by the DNA damaging agents etoposide and hydroxyurea. They 
conclude that the extent of the suppression of apoptosis by peroxisome proliferators 
depends on the nature of the apoptotic stimulus.
The effect of protein kinase C in the apoptotic process is tissue specific. Sanchez et al 
(1992) studied the effect of some protein kinase C inhibitors (polymyxin B, staurosporin) 
on cultures of rat hepatocytes. They suggest the involvement of protein kinase C in the 
apoptosis of hepatocytes because they found that the protein kinase C inhibitors initiated 
apoptosis and also that FCS (which enhances protein kinase C activity) prevented the 
fragmentation of DNA.
1.8. Methapyrilene effect on mitochondrial functions
The effects of MP on mitochondrial function were studied because it has been found that 
MP induces mitochondrial proliferation and that the majority of MP concentrates in the 
mitochondria after administration to rats (Reznik-Schüller and Lijinsky, 1981).
The major functions of mitochondria are:
• Oxidation of pyruvate to acetyl coenzyme A.
• Oxidation of fatty acids to acetyl coenzyme A.
• Oxidation of acetyl coenzyme A to CO2 and reduced cofactors (e.g. NADH2).
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• Synthesis of ATP coupled to NADH2 oxidation, oxidative phosphorylation.
All of these processes are intimately linked. Figure 1.3 summarises the respiratory chain. 
The close relationship of the respiratory chain to the oxidation of substrates is shown in 
Figure 1.4.
NADH2 and succinate are the major substrates for the respiratory chain (Figure 1.3), 
which is a multi-enzyme complex bound to the inner mitochondrial membrane. The 
mechanism of the reaction involves a series of steps in which a component oxidises its 
neighbour on the substrate side, becoming itself reduced. Re-oxidation occurs by reducing 
the other neighbour. This pre-supposes some linear spatial relationship in the membrane 
and also a simple stoicheiometry of components of the chain.
The initial steps of the respiratory chain associated with the flavoprotein dehydrogenases 
involve the transfer of pairs of hydrogens, whereas the subsequent (cytochrome steps) are 
single electron transfers. The early reactions must therefore generate protons, while the 
cytochrome oxidase reaction will require protons. Therefore, there must be a proton flow 
associated with the electron transport which induces a membrane potential across the 
membrane.
Chance and Williams (1956) defined the metabolic states of the mitochondrion (Table 1.2). 
There is a dependence of the respiratory process on substrate, ADP and oxygen. In the 
presence of all three, state 3, respiration is fast, limited only by the maximum rate of the 
system as a whole. If ADP is allowed to fall to a low level (state 4), this deficiency limits 
the rate of respiration.
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Table 1.2. Metabolic states of mitochondria.
State Oxygen conc. ADP level Substrate level Respiration
rate
Rate-limiting factor
1 normal low low slow ADP
2 normal high zero slow substrate
3 normal high high fast respiratory chain
4 normal low high slow ADP
5 zero high high zero oxygen
1.8.1. Inhibitors of oxidative phosphorylation
Oxydative phosphorylation may be inhibited at three levels (Figure 1.5):
• Inhibition of the oxidation-reduction reactions coupled to the generation of the 
intermediate high-energy state. Examples include: Amytal, rotenone, antimycin, azide, 
cyanide and carbon monoxide.
• Dissipation of the intermediate high-energy state by uncouplers such as dinitrophenol.
• Inhibition of phosphorylation and consequently respiration in coupled mitochondria. 
Example: Oligomycin. The addition of an uncoupler would release respiration from 
inhibition by oligomycin.
1.8.2. Uncouplers and non-genotoxic carcinogenicity
Freshly isolated mitochondria from most sources are coupled, this means that the 
respiratory activity is stoicheiometrically linked to the synthesis of ATP or ion transport. A 
pronounced increase of respiratory rate is observed when uncouplers are added to 
mitochondria in state 4 (ADP limited), owing to a removal of respiratory control.
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Coupling may be broken in 3 ways:
1. Damage to mitochondria affecting the integrity of the inner membrane. Examples 
include: mechanical disruption, addition of phospholipase and addition of detergents.
2. Classical uncouplers, which include a large number of substances, many of which are 
aromatic anionic substances of the phenolic or anilinic type. They have two properties 
which may be the basis for their uncoupling activity. Firstly, they are known to increase 
the electrical conductance of artificial phospholipid membranes increasing membrane 
permeability to protons and therefore dissipating the membrane potential. The second 
property is that they have been shown to bind to the inner mitochondrial membrane. It 
is speculated that they dissipate some high-energy intermediate in the membrane.
3. Ionophores which make the membrane permeable to cations such as K+. These 
uncouplers dissipate the energy available from respiration or ATP hydrolysis by ion 
transport.
Peroxisome proliferators (hypolipidemic drugs and phthalic ester plasticizers) have been 
reported to uncouple oxidative phosphoi^ation (Keller et al, 1992). Uncoupling of 
oxidative phosphorylation decreas es ATP required for ion pumps and could thereby 
indirectly increase intracellular Ca^+ (Hijioka et al, 1992). This increase in intracellular 
Ca^+ would stimulate cell replication and sustained cell replication has been hypothesized 
to be involved in hepatocarcinogenesis (Butterworth et al, 1990).
21
1.9. Cryopreservation of hepatocytes
An optimal cryopreservation method without loss of hepatocyte structural and functional 
integrity has not yet been developed. It would be very valuable to be able to store 
hepatocytes for future use, particularly because of the infrequent availability of human liver 
and in the case of animals because the number of hepatocytes isolated by coUagenase 
perfusion is frequently superior to the requirements for one experiment
Liquid nitrogen (-196 °C) is the refrigerant commonly used for low temperature storage. 
At this temperature no thermally driven reactions occur in aqueous systems because liquid 
water does not exist below -130 °C and because there is insufficient thermal energy 
(McGee and Martin, 1970). Many types of cells stored above -80 °C are not stable 
because traces of unfrozen solution still exist. Cells will die at rates ranging from several 
percent per hour to several percent per year depending on the temperature, the species and 
type of cell, and the composition of the medium in which they are frozen (Mazur, 1966). 
The problem is to cool cells down to -196 °C and subsequently return them to 
physiological conditions without loss of cell function or the ability to subsequently survive 
in culture. This problem is not just confined to hepatocytes, as many cell types and tissues 
are damaged following exposure to cryogenic temperatures.
1.9.1. Cooling rates.
Many cell types and tissues are damaged following exposure to low temperatures in the 
absence of ice formation (cold shock). Morris et al (1983) found that 'rapid' cooling of 
hepatocytes to -5 °C produced lysis of hepatocytes. However, the cells that were intact 
were functionally equivalent to control cells. Slower cooling rates (-10 °C/min) did not 
produce lysis of the cells.
At slow rates of cooling many tissues and probably all cell suspensions fioeze 
extracellularly. Slow cooling rates stimulate the growth of a few crystals to a very large 
size. When these develop in the extracellular spaces, the extracellular fluid becomes
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hypertonie, causing dehydratation of the cells, precipitation of proteins from solution, 
changes in pH and abnormal concentrations of solutes (gases, urea, etc.) to toxic levels. 
Sufficient removal of water could bring structures into actual physical contact, leading for 
instance to abnormal cross-linking. Mazur (1984) reported that the expanding ice field 
force present during freezing put constraints on the cells shapes resulting in their 
deformation, and deformation at low temperatures may be damaging.
As the rate of cooling is increased, the growth of the few initial crystals may supply 
insufficient heat to equal heat removal, supercooling will take place and additional nuclei 
will form. There are conflicting reports in the literature on optimal cooling conditions for 
successful freezing of hepatocytes. Slow cooling rates (reported to be 2-7 °C/min) (Le 
Cam et al, 1976; Loretz et al, 1989) and faster cooling rates (reported to be 15-39°C/min) 
(Gomez-L et al, 1984; Lawrence and Benford, 1991) have both been reported to be 
optimal.
Mazur (1984) suggested that there is an optimum cooling rate for each particular type of 
cell because survival is a consequence of two inversely related factors. One factor is 
intracellular freezing which is damaging to the cells and the probability of which increases 
with increasing cooling rate. The other factor is prolonged exposure to extracellular 
freezing, the injurious consequences of which decrease with increasing cooling rate. 
Therefore, on a theoretical basis, an optimal cooling rate resulting in maximum survival 
would be obtained if intracellular ice formation (HP) was avoided and the cooling process 
occurred as rapidly as possible to minimise the damaging effects of extracellular ice.
Harris, et al (1991) studied the kinetics of IIP for isolated rat hepatocytes using a 
cryomicroscopy system. Below 50 °C/min none of the hepatocytes underwent DP and 
above 150 °C/min all of them did. The temperature at which 50% of hepatocytes showed 
HP (^ ^ n p )  was almost constant at different cooling rates with an average value of 
-7.7 °C. Isothermal subzero holding temperature experiments gave a -5 °C.
23
They deduced that IIF was dependent on both time and temperature. On the other hand, in 
cooling experiments in the absence of extracellular ice, IIF was not observed until -20 °C, 
at which temperature the whole suspension was frozen spontaneously, suggesting the 
involvement of the external ice in the initiation of IIP. They suggest that time and 
temperature should be taken into account in the design of multistep cooling protocols with 
one or more isothermal holding periods.
Diener et al (1993) reported that in a multistep protocol the best survival rates were 
obtained when a slow cooling rate was used and when the supercooling was interrupted 
with a shock cooling to initiate ice nucléation. On the other hand, Powis et al (1987) 
reported that better results are obtained when slower freezing rates are used during ice 
nucléation in a multistep protocol. Borel-Rinkes et al (1992) also used a multistep 
protocol to cryopreserve hepatocytes sandwiched between two layers of collagen. The 
temperature was held for 15 minutes at -12 °C allowing the release of latent heat and 
dehydration of the cells to avoid intracellular ice formation.
1.9.2. Cryoprotectants
The requirements for a useful cryoprotective additive could be summarised as:
• Able to prevent water from freezing (by H-bonding).
• Be a solvent for electrolytes.
• Penetrate the cell membrane freely.
• Be non-toxic.
In 1949, Polge et al, found that glycerol would protect bovine spermatozoa against slow 
freezing injury. Lovelock and Bishop (1959) reported that dimethylsulfoxide (DMSO) 
passes more freely through cell membranes than glycerol. Vos and Kaalen (1965) 
investigated the effectiveness of 26 different compounds for the slow freezing of cells in 
tissue culture. The highest viabilities after cryopreservation were obtained with the 
following compounds: ethylene glycol, diethylene glycol, propylene glycol, glycerol,
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DMSO, pyridine N-oxide and hexamethylene tetramine. Less cryoprotection was found 
with acetamide, dimethylacetamide, formamide, dimethylformamide, monoacetine, D- 
mannose, D-ribose, glucose, D-mannitol, sorbitol and inositol. Little cryoprotection was 
observed with dimethyl sulfone, PVP or serum. The addition of methanol, ethanol, phenol, 
resorcinol or sodium chloride reduced survival below that of controls.
1.9.21. Cryopreservation of isolated rat hepatocytes
In cryopreservation experiments utilising rat hepatocytes, DMSO has been found to be the 
cryoprotectant that results in the highest survival of cells. It is commonly used at 
concentrations between 10% and 20% in either Dulbecco's Modified Eagle Medium, 
Leibovitz's L-15 Medium or William's Medium E, usually supplemented with 10-25% 
foetal calf serum (FCS) (Novicki et al, 1982; Loretz et al, 1989; Santone et al, 1989). It 
has also been reported the use of 10% DMSO in FCS as cryoprotectant (Desai and 
Hawksworth, 1990) with maintenance of cytochrome P-450 content and associated 
enzymes activities and levels of NAD and NADP comparable with fresh cell values.
1.9.2 2. Other cryopreservation procedures
Recently, a cryopreservation method has been developed in which hepatocytes are 
sandwiched between two layers of collagen (Koebe et al, 1990; Borel-Rinkes et al, 1992). 
Significant long-term hepatocellular function (protein secretion maintained for 2 weeks) 
was demonstrated following the freeze-thaw cycle and the results compared favorably to 
those reported for isolated hepatocytes.
Dixit et al (1993) cryopreserved microencapsulated rat hepatocytes which are 
subsequently used in transplantation studies. Significant urea and protein synthesis was 
detected during 10 days in culture after ffeeze-thawing. It was concluded that 
microencapsulation might protect hepatocytes from the adverse effects of 
cryopreservation. However, they did not compare this method with any other.
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Tissue slices have been considered to offer an in vitro system which more closely 
resembles the in vivo situation because of the differentiation and functional heterogeneity 
of the slice. Fisher et al (1993) deviced a system to cryopreserve human liver and kidney 
slices and found that the viability of liver slices was mantained between 65 and 90% of 
control values after cryopreservation. They suggest the use of this system to optimize 
preservation solutions and methods.
1.93. Human hepatocytes
There are not many reports on cryopreservation of human hepatocytes. Dou et al (1992) 
reported that human hepatocytes should be used 38 hours after seeding for optimum 
recovery of their functions: membrane activity, protein synthesis and stabilisation of drug 
metabolism enzymes. Lawrence and Benford (1991) found that fewer human hepatocytes 
survived and subsequently attached and spread out to form a monolayer culture than rat 
hepatocytes suggesting that human hepatocytes were more sensitive to cryopreservation 
and/or that the cryogenic conditions developed for rat hepatocytes were not optimal for 
human hepatocytes. This was also confirmed by Diener et al (1993) who found that human 
hepatocytes were not preserved as well as other species (guinea pig, hamster, dog and 
monkey) using a cryopreservation protocol optimized for rat hepatocytes.
1.9.4. Thawing
Rapid thawing is necessary to obtain optimal survival for two reasons:
1. Rapid passage through intermediate sub-freezing temperatures where reaction rates are 
appreciable is required to avoid biochemical injury.
2. There is a tendency during warming for small crystals to aggregate (recrystallisation) 
to form larger crystals that damage the cells. Slow warming is harmful to frozen cells 
because it allows time for such recrystallisation to occur.
Cells following thawing have an increased sensitivity to injury with high gravity 
centrifugation and to osmotic shock due to the removal of the permeating cryoprotective
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additive. This removal is usually carried out by dilution of the cell suspension. Addition of 
glucose to the thawing medium limits the osmotic shock caused by the outflow of 
cryoprotective agent from the cells (Chesné and Guillouzo, 1988).
1.9.5. Tests of function after freeze-thawing
Various tests of function have been suggested for assessing hepatocytes recovered from 
cryopreservation: Trypan blue dye exclusion (Novicki et al, 1982), cytochrome P-450 
content (Coundouris et al, 1990), metabolic activation processes (Santone et al, 1989), 
gluconeogenesis, urea and protein synthesis (Gomez-L et al, 1984). These and other 
parameters have also been assessed in monolayer culture after cryogenic storage and it has 
been reported that a large fraction of cells is still capable of expressing various functions in 
vitro. Some of the parameters evaluated include: lactate dehydrogenase leakage, cellular 
ATP and ADP content, ethoxycoumarin-O-deethylase activity, total cytochrome-P450, 
protein synthesis and drug metabolising activity (Lawrence and Benford, 1991; Chesné et 
al, 1993).
1.10. Aims
The main aim of this research was to investigate the mechanism of MP 
hepatocarcinogenesis. With this purpose the effect of MP on cell proliferation, apoptosis, 
and mitochondrial function was studied using primary cultures and suspensions of rat 
hepatocytes.
The effect of MP on cell proliferation was investigated by measuring the effect on the 
stimulation of DNA synthesis by EGF. Apoptosis was assessed by counting the number of 
cells with condensed chromatin and also by measuring the effect of MP on hepatocyte 
Ca^+ content. The effect of MP on mitochondrial function was assessed by measuring 
mitochondrial membrane potential (MMP) and oxygen consumption of isolated rat 
hepatocytes.
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A further objective was to develop an optimal cryopreservation method with minimal loss 
of hepatocyte structural and functional integrity. A programmable freezer was used to 
monitor the variations in temperature inside the cell suspension and to investigate the 
effect of the release of latent heat of fusion on hepatocyte function. The parameters 
measured to compare function and survival in culture of cryopreserved and freshly isolated 
rat hepatocytes were the following: mitochondrial membrane potential, oxygen 
consumption, NR uptake and stimulation of DNA synthesis by EGF.
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CHAPTER 2 
MATERIALS AND METHODS
2.1. MATERIALS AND INSTRUMENTATION
Male Wistar/albino rats were supplied by the University of Surrey breeding unit. Unless 
otherwise specified, general chemicals and solvents were obtained firom BDH Ltd (Poole, 
Dorset, UK). Fluorescent dyes, growth factors and hormones were fiom Sigma Chemical 
Company Ltd (Poole, Dorset, UK), coUagenase A was from Boehringer Mannheim 
(Lewes, East Sussex, UK) and radiolabeUed substances were supplied by Amersham 
International pic (Amersham, Bucks, UK).
CeU culture medium ingredients and materials were supplied by Gibco Ltd (Paisley, UK). 
Cryotubes, Trypan Blue solution. Phosphate Buffered Saline A' (PBS) without Mg^+ and 
Ca^+ and ceU culture plates were jfrom ICN Biochemicals (High Wycombe, Bucks, UK). 
Abbocath-RT catheters were supplied by Abbott Laboratories Ltd (Queensborough, Kent, 
UK).
The Spectrophotometer Lambda-5 and the Luminescence Spectrophotometer LS-5 were 
fi*om Perkin-Elmer Corp. (Norwalk, USA). The Microplate Biokinetics Reader EL340 was 
from Biotek Instruments (Vermont, USA).
The Rackbeta 1219 Liquid ScintiUation Counter was from Pharmacia-LKB Biotechnology 
(MUton Keynes, Northants, UK).
The EACScan' flow cytometer was obtained from Beckton Dickinson Immunocytometry 
Systems (California, USA).
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The video-intensified fluorescence microscopy (VIFM) system consisted of a Zeiss IM-35 
inverted microscope (Oberkochen, Germany) a CCD series 200 camera system 
(Photometries, Tucson, AZ, USA), a Compaq 386/20 computer (Compaq, Computer 
Corporation, Houston, TX, USA) an Imagine system (Synoptics, Cambridge, UK) and an 
Optistar optical disk (Corel Systems Corp., Ottawa, Canada).
The Clark type oxygen electrode, the polarising unit and the chart recorder were obtained 
fi-om Rank Brothers (Bottisham, Cambridge, UK).
The Leitz Diaplan fluorescence microscope was obtained fiom Leica UK (Milton Keynes, 
Northants., UK). It was equipped with a Nikon-AF F-801S photographic camera.
AST, Ca^+ and triglycerides determinations were performed on an automated centrifuge 
analyser 'COBAS BIO' fiom Roche Diagnostic Systems (Welwyn Garden City, Herts, 
UK). Commercially available kits for the COBAS BIO (Unimate 3 AST, Unimate 5 TRI, 
and Uni-Kit II Calcium MTB), and standards (Calibrator I and lipid control serum) were 
also obtained from Roche Diagnostic Systems.
A Rapidis disintegrator utilising an ultrasonic probe to homogenise cells was obtained 
from Ultrasonics Ltd (London, UK).
The KRYO-10 programmable freezer was obtained from Planner Products Ltd (Sunbuiy- 
on-Thames, UK).
2.2. TISSUE CULTURE MEDIUM COMPOSITION
WE: Williams' medium E containing 2 mM L-glutamine and 100 lig/ml kanamycin.
WEI: WE containing 10% foetal calf serum (FCS).
WE2: WE containing 10"  ^M dexamethasone, 10 p.g/ml insulin and 2.5 ng/ml EGF. 
WE2'EGF: w e  containing 10"  ^M dexamethasone and 10 p,g/ml insulin.
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WES: WE2 containing 10% FCS.
L-15: Leibovitz medium containing 100 [ig/ml kanamycin and 10% FCS.
2.3. METHODS
2.3.1. Preparation of test chemicals
Solutions of test chemicals were prepared on the day of use.
PB and MP were dissolved in double distilled water, CA and AAF in DMSO.
Test chemicals were added to culture medium at appropriate dilution.
The final concentration of DMSO in the culture medium (12.8 mM) was 0.1% (v/v) and 
test chemical data were compared to a solvent control culture containing 0 .1% (vA^ ) 
DMSO.
23.2. Isolation of rat hepatocytes by coUagenase perfusion
2.3.2.1. Reagents 
Sterile PBS.
Ca^'^-free bicarbonate buffer was prepared with double distilled water and the following 
components:
142mMNaCl (8.3 g/L)
4.37 mMKCl (0.326 g/L)
1.24 mM KH2PO4 (0.169 g/L)
24 mM NaHCOg (0.153 g/L)
0.62 mM MgS0 4 .7H2 0  (0.153 g/L)
0.62 mM MgCl2.6H2 0  (0.126 g/L)
2 drops of phenol red (0.5% solution) per litre of buffer.
The buffer was filter-sterilised and kept at room temperature for up to 3 months. 
CoUagenase solution:
75 mg of coUagenase A from Clostridium histolyticum, were dissolved in 150 ml of Ca^ "*"- 
free bicarbonate buffer and gassed thoroughly with 5% C0 2 :95% O2 at 37"C, just before 
use. 3.2 ml of 250 mM CaCl2.2H2 0  (3.675 g/L in double distilled water) was then added.
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23.2.2. Procedure
Rat hepatocytes were isolated by a method based on Rao et al. (1976) with further 
modifications incorporated by Benford and Hubbard (1987). All procedures were 
performed aseptically. Dissection instruments and perfusion tubing were sterilised with 
70% ethanol. The weight range of animals was 200-250 g.
Rats were asphyxiated in a CO2 environment until eyes and foot reflexes were found 
negative and then the abdomen was swabbed with 70% ethanol. The abdominal cavity was 
opened taking care not to puncture large subcutaneous vessels, diaphragm or liver. The 
intestines were displaced to the left side of the animal to expose the inferior vena cava and 
hepatic portal vein. A ligature was placed around the portal vein without tying it off. 
Afterwards the hepatic portal vein was cannulated and then tied off. After allowing blood 
to fill the cannula, the perfusion tubing, primed with Ca "^*"-fiee bicarbonate buffer, was 
connected. The buffer had been previously filter sterilised (0.2 |xm) and equilibrated to 
37 °C with 5% C0 2 :95% O2 bubbling through until a pH of 7.4 was indicated by the 
colour change from pink to orange/pink. It was gassed gently and continuously during 
perfusion of the liver.
After a few seconds of perfusion the inferior vena cava was cut below the renal vein. 
Perfusion was carried out at 20-30 ml/min assisting the blanching by gentle massaging the 
liver. The thoracic cavity was opened while buffer was perfusing and a ligature was placed 
around the vena cava. After cannulation of the superior vena cava via the atrium the 
ligature was tied off and the inferior vena cava was clamped so that perfusate voided 
through the superior vena cava. The perfusion was discontinued after 400 ml of perfusate 
had flowed through the liver.
The liver was subsequently perfused with coUagenase solution at 10-15 mlAnin with 
recycling until the liver was soft (10-15 min). The liver was removed carefuUy, placed in 
PBS and combed through with forceps to separate the ceUs. The suspension was filtered
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through bolting cloth (Nybolt, 125 |im pore size) and the cells were sedimented by 
centrifugation at 50 x g for 2 minutes in a bench centrifuge. The supernatant was removed 
and the cells resuspended in PBS. The cells were washed twice with PBS and finally 
resuspended in 50 ml WEI medium (see medium composition) and yield and viability 
(Tiypan Blue method) were determined.
2 3 3 . Trypan Blue (TB) viability test
This method is based on the principle that healthy viable cells do not take up certain dyes, 
whereas dead cells do. Non-viable cells stain blue with Trypan Blue.
Equal volumes of TB (0.4% TB stain fiom Sigma) and cell suspension were transferred 
into a test tube and mixed thoroughly. Cells were allowed to stand for 5 to 10 minutes and 
a Pasteur pipette was used to transfer a small amount of TB-cell suspension to both 
chambers of a hæmocytometer. Viable and non-viable cells were counted in the 1 mm 
centre square for one chamber. The procedure was repeated for the other chamber. Each 
square of the hæmocytometer, with the cover-slip in place, represented a total volume of 
10"^ cm^. The average count per square multiplied by the dilution factor multiplied by 10^ 
gives the number of cells per ml. Multiplication by the original cell suspension volume 
gives the total cell yield. Viability (%) was calculated by the percentage of unstained to 
total cells (stained and unstained).
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2.3.4. Attachment and survival of hepatocytes in culture
2.3.4.1. Preparation of collagen coated plates
A stock solution was prepared by dissolving rat tail collagen (Type VII, Sigma, product 
no. C8897) at 0.5 mg/ml in sterile PBS containing 0.5 % glacial acetic acid (pH 4-4.2). 
The solution was kept frozen at -20“C up to one year.
Plates were coated by placing 0.08 ml/cm^ of stock solution diluted 1:10 with sterile PBS 
(pH 7.4) and leaving them in an incubator for more than 2 hours at 37 °C. Excess solution 
was removed and plates washed with fresh sterile PBS. Plates were stored at 4 °C and 
washed twice with sterile PBS before use.
2.3.4.2. Haematoxylin and Eosin staining
2.3.4.2.1. Reagents:
Ethanohacetic acid (3:1): mixture of 3 parts of absolute ethanol and 1 part of acetic acid in 
volume.
IMS: Industrial methylated spirits.
Harris's Haematoxylin.
Acid alcohol: 1% HCl in 70% IMS.
Scott's tap water: 0.2% (w/v) potassium bicarbonate and 2% (w/v) magnesium sulphate in 
tap water.
1% (w/v) Eosin in distilled water.
DPX(BDHLtd.).
2.3.4.2.2. Procedure:
Hepatocytes were seeded at a density of 1.5x10^ cells/well on collagen coated coverslips 
in 12-well plates as for DNA synthesis determination (Section 2.3.5.1). Hepatocytes were 
incubated for 2 hours at 37°C in WEI medium and for a further 46 hours in WE2 medium. 
Culture medium was renewed at 24 hours.
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Cells were fixed with 3x10 min washes of ethanohacetic acid (3:1) and coverslips with cell 
surface uppermost were mounted on slides with DPX. Slides were submerged in 
descending concentrations of graded alcohol (100%, 80% and 60% IMS) for 1 min in each 
one and washed well in tap water.
Cells were stained in Harris's Haematoxylin for 12 min and washed well in running tap 
water until sections were blue. Slides were differentiated in 1% acid alcohol for 5 seconds 
and submerged in Scott's tap water substitute for 20-30 seconds. Nuclear staining (blue) 
was checked microscopically. Cells were counter stained in 1% Eosin for 5 min and 
washed in running tap water for a few seconds only. Dehydration was performed as 
follows: in 85% IMS for 15 seconds, in 100% IMS for 1 min and in fresh 100% IMS for 1 
min. Slides were cleared in xylene for 2 min and then submerged in fresh xylene for a 
further 2 min and stained cells were mounted in DPX.
2.3.4.3. Attachment of hepatocytes
Freshly isolated hepatocytes were seeded at a density of 2x10^ cells per ml per well in 
attachment medium (WEI medium) on 12-well collagen coated plates. After a 2 hours 
attachment period, 1ml of 0.5 M sodium hydroxide was added to each well and DNA 
content and total cellular protein were measured. Protein and DNA content were also 
measured at 48 hours of culture with various maintenance media (2 hours with attachment 
medium and a subsequent 46 hours with maintenance medium). Medium was renewed 
after 24 hours of culture.
2.3.4.4. DNA determination
2.3.4.4.I. Reagents:
2 M 3,5-diamino-benzoic acid (DABA-2HC1): 22.51 g dissolved in 50 ml of double 
distilled water.
0.5 N perchloric acid: 21 ml of 70% perchloric acid and 479 ml of double distilled water. 
0.5 mM sodium hydroxide.
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23.4.4.2. Procedure:
DNA content was measured utilising the method of Cesarone et al, (1979):
120 |xl of DNA containing solution was added to 240 |xl of 2M DABA-2HC1 and 
incubated at 37 °C for 30 minutes. To stop the reaction 1.8 ml of 0.5 N perchloric acid 
was added. Fluorescence was then measured using an excitation wavelength of 436 nm 
and an emission wavelength of 520 nm (sensitivity (Fx) 10, slit width 2.5). A solution of 
0.4 mgAnl calf thymus DNA in 5.0 mM sodium hydroxide was used as st^dard. This was 
diluted appropriately with 0.5 N perchloric acid to: 0 ,5 ,10,15,20,30 pg/ml DNA.
23.43. Protein determination
2.3.4.5.I. Reagents:
0.5 M sodium hydroxide
Bio-Rad (Bio-Rad Laboratories Ltd., Hemel Hempstead, Herts., UK) dye reagent 
concentrate: contains phosphoric acid and methanol to eliminate lipid turbidity.
23.4.5.2. Procedure:
The method of Bradford (1976) was used. The principle of the assay is that protein binding 
to Coomassie Brilliant Blue G-250 at acid pH causes a shift of the absorbance maximum of 
this dye from 465 nm to 595 nm.
The Bio-Rad dye reagent concentrate was diluted 1 to 5 with distilled water on the day of 
use. Cells were dispersed in 0.5 M sodium hydroxide and after one hour at 37 °C, 50 \il of 
the protein containing solution was added to 2.5 ml of the dye reagent. The absorbance of 
the mixture was read using a spectophotometer at 595 nm in a polystyrene cuvette (1 cm 
light path). A solution of 1 mg/ml bovine serum albumin (BSA) (Sigma, product no. A- 
4503) in 0.5 M sodium hydroxide was used as standard, diluted appropriately to: 50, 100, 
200,400,600 and 1000 ^ig/ml BSA.
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2.3.4.6. Hepatocyte cultures for Neutral Red uptake assay
Hepatocytes were seeded at 2x10^ cells/well in a volume of 100 |xl WEI per well in 96- 
well plates. After a 2 hour attachment period the medium was changed to W E2"^^ or 
WE2. The cultures were exposed to the test chemicals for either 24 or 46 hours.
Medium was renewed every 24 hours with fresh medium containing appropiate 
concentrations of test chemicals.
23.4.7. Neutral Red (NR) uptake assay
2.3.4.7.1. Reagents:
NR stock solution: 4% w/v in double distilled water.
PBS.
Elution solution: 50% ethanol and 1% acetic acid in double distilled water.
2.3.4.7.2. Procedure:
The uptake of the vital dye NR into the lysosomes of living hepatocytes was used as an 
indication of viability and cytotoxicity of the test compound (Borenfreund and Puemer, 
1985).
The absorbance in the presence of test chemicals was compared to that observed in control 
cultures. Results were displayed graphically as concentration of test chemical versus % 
control. The mean NR50 values (mM) were calculated from three separate experiments.
NR medium was prepared on the day of use from a NR stock solution. One part of NR 
stock solution was diluted in 799 parts of medium (50 pg/ml) at 37 °C and filter sterilised. 
100 |il NR medium was added to each well of a 96-well plate. After incubation for 3 hours 
at 37 °C the cells were washed twice with PBS and 100 |il of elution solution was added. 
Plates were shaken for 20-30 minutes and absorbance measured at 540 nm using an EL 
340 Bio Kinetics Reader (Bio-Tek Instruments) connected to a computer utilising the 
Kineticalc programme.
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2.3.5. DNA synthesis in rat hepatocyte cultures
2.3 5.1. Hepatocyte cultures
Hepatocytes were seeded at a density of 1.5x10^ cells/well in a volume of 1 ml WEI per 
well in 12-well plates. Collagen coated plates were used. After a 2 hours attachment 
period at 37°C, the medium was changed to either WE2-EGF or WE2 containing various 
concentrations of EOF and cultures exposed to the test chemicals for either 22 or 46 
hours. Culture medium was renewed every 24 hours with fresh medium containing the test 
chemicals.
2.3.5.2. [H^l-Thymidine incorporation into DNA of rat hepatocyte cultures
2.3.52.1. Reagents:
0.3 N potassium hydroxide 
20% trichloroacetic acid (TCA)
0.3 N hydrochloric acid 
10% TCA
0.5 N perchloric acid: 21 ml of 70% perchloric acid and 479 ml of double distilled water.
2.3.5.2.2. Procedure:
The method used was a modification of the method of McGowan et al (1981). Cultures 
were incubated for 2 hours with medium containing 1 pCi/ml [CH3-^H]-thymidine (47 
Ci/mmol) and then washed twice with PBS. Cells were solubilised at 37°C for 1 hour in 
0.3 N potassium hydroxide (1 ml/ well in 12-well plates) and transferred to glass tubes. 
1 ml of 20% TCA in 0.3 N hydrochloric acid was added and left overnight at 4 °C. The 
tubes were centrifuged at 3000 x g for 10 minutes. The pellet was washed with 10% TCA 
and centrifuged again. DNA was hydrolysed at 90°C in 1 ml of 0.5 N perchloric acid for 
25 min. After centrifugation at 3000 x g for 10 minutes 0.5 ml of supernatant was placed 
in a scintillation vial and mixed with 5 ml scintillation fluid (OptiPhase 'Save', LKB). 
Radioactivity was measured using a 1219 Rackbeta liquid scintillation counter (LKB).
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2.3.6. Assessment of mitochondrial activity
2.3 6.1. Principle of the assays
Rhodamine 123 (Rhl23) is a cell-permeant, cationic, fluorescent dye reported to bind 
specifically to mitochondria of living cells and the uptake of Rhl23 per unit of 
mitochondrial membrane is believed to reflect the transmembrane potential (Darzynkiewicz 
et al, 1982). Viewed through a fluorescein filter, the mitochondria of cells stained by 
Rhl23 appear yellow-green. Propidium iodide (PI) is a DNA stain which is highly 
impermeable to membranes and will stain only cells that are dead or have compromised 
membrane integrity. It can be excited by the argon laser of a flow cytometer emitting red 
fluorescence.
Fluorescence of individual cells stained with Rhl23 and PI was measured by flow 
cytometry, and the effect of MP on mitochondrial membrane potential and viability was 
studied in a large population of cells.
The fluorescent probe Fura-2 is a calcium chelator, which is used as its cell-permeant 
acetoxymethyl (AM) ester. The AM ester passively crosses the plasma membrane and, 
once inside the cell, is cleaved to cell-impermeable products by intracellular esterases. 
There is an absorbance shift that occurs upon binding of Ca^+ that can be determined by 
scanning the excitation spectrum between 300 and 400 nm while monitoring the emission 
at510nm.
A video-intensified fluorescence microscope (VIFM) was used to measure the effect of 
MP on mitochondrial membrane potential and intracellular calcium of individual 
hepatocytes attached to a glass coverslip and stained with Rhl23 and Fura-2.
39
A Clark-type oxygen electrode was used to monitor the effects of MP on O2 consumption 
of isolated rat hepatocytes. The effect of MP was compared with the effect of an 
uncoupler of respiration (dinitrophenol).
2.3.6 2. Preparation of fluorescent stains
A stock solution of 0.1 mg/ml Rhodamine 123 (Rhl23) in double distilled water was 
prepared and kept at -20°C for up to one year.
Propidium iodide (PI) was dissolved in double distilled water at a concentration of 125 
pg/ml and kept at -20 °C for up to one year.
A 4 mM solution of Fura-2/AM in DMSO was prepared immediately before use.
2.3.6.3. Hepatocyte suspensions for flow cytometry
Freshly isolated hepatocytes (as described in section 2.3.2) or after cryopreservation (as 
described in section 2.3.9) were maintained in suspension at 3x10% viable cells per ml of 
sterile PBS on ice. Cells were exposed to 0, 10, 100, 500 and 1000 |xM MP and incubated 
on a rocking platform at 37°C for 15, 25, 45, 60, 85, 105 and 125 minutes. 10 minutes 
before the end of each incubation period, 1 ml of each suspension was removed and 
stained with 10 pi of Rhl23 (0.1 mg/ml). 1 minute before the end of the incubation period 
10 pi of PI (125 pg/ml) were added. The stained samples were monitored in a FACScan 
flow cytometer. Three experiments were performed to investigate the changes in 
mitochondrial membrane potential and cell viability.
2.3.6.4. Flow-cytometric analysis
Cells were analysed for their fluorescence and scattering of the incident light on a 
FACScan flow cytometer with a focused argon laser (488 nm, 15 mV). Each analysis was 
performed on 10x10^ particles. Data were analysed and stored using a data management 
system (FACScan Research Software; Beckton Dickinson),
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The light scattering properties of a cell provide information about cell surface area. A 
histogram of forward scatter (arbitrary units indicating cell size) for each cell was plotted 
versus number of cells. Three peaks were obtained which corresponded to three 
populations: one which contained cell fragments and debri (smaller size), another with 
single cells and the third with clusters of cells (larger size). The single cell population (50 
to 80 % of total) was gated and analysed for fluorescence.
The FACScan has three channels for detection of fluorescence designated as:
FLl for emission of green fluorescence (e.g. Rhl23); FL2 for emission of orange 
fluorescence and FL3 for emission of red fluorescence (e.g. PI).
A logarithmic plot of the fluorescence on channel 3 (FL3) of each particle versus 
fluorescence on channel 1 (FLl) was obtained on a dot plot chart. Three sub-populations 
were detected and identified as:
• Group 1: cells with active mitochondria that sequestered Rhl23 and did not stain with 
PI.
• Group 2: dead cells, which took up PI.
• Group 3: cells with very low mitochondrial activity (minimal Rhl23 staining) and not 
stained with PI.
The percentage of cells in group 1 was an indication of cell viability. Mitochondrial 
membrane potential was represented by the level of Rhl23 staining (mean y-value from the 
dot-plot chart). Data were presented as percentage of control. The mean of three 
experiments was calculated and analysed by Student’s t-test. P ^ .0 5  was considered 
significantly different from control.
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2.3.6 5. Preparation of poly-lysine coated glass coverslips
In a microscopy time-lapse study, it is necessary that the cells to be studied do not move 
during the experiment Coating of poly-lysine was used to attach the cells to the glass 
coverslips.
The glass coverslip was cleaned with a mixture of ethanolrether (1:1). The glass was 
coated with 50 |il of 1 mg/ml poly-l-lysine for at least 30 minutes. The coverslip was 
washed with water and then dehydrated through increasing concentrations of graded 
ethanol (70% to 100%) and air-dried. Coverslips were washed once with water before the 
experiment were mounted in an incubation chamber on the fluorescence microscope at 
37°C.
2.3.6.6. Hepatocytes staining for VIFM
500 |il of a hepatocyte suspension (3x105 viable cells/ml of PBS) was mixed with 5pl of a 
4 mM Fura-2/AM solution in DMSO. The suspension was continuously shaken for 10 
minutes and maintained at 37 °C. 300 |il of the suspension was transferred to the well of 
the microscope incubation chamber containing a poly-lysine coated glass coverslip. After 
10 minutes 3 |xl of a 100 pM Rhl23 solution in water was added. After 10 minutes the 
cells were washed with PBS and exposed to MP (0-10 mM). The microscope incubation 
chamber was kept at 37 °C during the experiment. 2 pi of 100 pM PI was added to check 
the viability of the cells at the end of the experiment
2.3.6 7. Video-intensified fluorescence microscopy
Fluorescence measurements in single freshly isolated hepatocytes attached to poly-lysine 
coated glass covershps were performed by using a VIFM system. The system consisted of 
a Zeiss IM-35 inverted microscope equipped with a Nikon Fluor 40x oil objective. 
Excitation source was a 50 W mercury arc lamp. The exposure time was determined by a 
computer -controlled shutter. A heat filter and neutral-density filters were placed in the 
excitation light path. The excitation filters were mounted in a computer-controlled
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spinning filter wheel and a moving filter block, which also contained the mirrors and 
emission filters. Images were collected with a CCD series 200 camera system controlled by 
a Compaq 386/20 computer. The digitalised images were processed and analysed on an 
Imagine system (Synoptics, Cambridge, UK) and pictures were stored on an Optistar 
optical disk (Corel Systems Corp., Ottawa, Canada).
Background fluorescence was measured at a site where no cells were attached. Exposure 
time to excitation light was as short as possible to minimise photobleaching. Mitochondrial 
membrane potential and intracellular Ca^+ measurements of individual hepatocytes were 
followed simultaneously after the addition of MP at concentrations of 0 (control), 1, 3 and 
10 mM. Concentrations were higher than in the FACScan experiments, because of the 
shorter experimental time (0 to 60 minutes).
Mitochondrial membrane potential was measured with the fluorescent probe Rhl23. The 
filter settings on the microscope were as follows: Excitation filter 450-490 nm bandpass, 
dichroic mirror 510 nm and emission filter 520 nm longpass.
Intracellular Ca^+ concentration was measured with the fluorescent probe Fura 2. The cells 
were excited at a Ca^+ insensitive and a Ca^+ sensitive wavelength of 340 nm and 380 nm 
respectively, combined with a 395 nm dichroic mirror and 470 nm long-pass filter.
Cells were inspected for propidium iodide fluorescence in the nuclei of non-viable cells by 
using a 510-560 nm excitation filter, a 580 nm dichroic mirror and a 590 nm long-pass 
filter.
3 photographs of the cells were taken at 0, 1, 3, 5, and every 5 minutes up to a total of 60 
minutes. At the end of the experiment nuclei were stained with PI to give an indication of 
viability. One photograph was taken for MMP and two photographs were taken for 
intracellular Ca^+ measurements (340 and 380 nm).
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The fluorescence was calculated by addition of all pixel values from the image of a cell and 
subtraction of the background value. For Ca^+ measurements the 340 nm image was 
divided by the 380 nm image on a pixel-by-pixel basis. The mean values of pixel ratios for 
individual cells were automatically determined in order to calculate the intracellular Ca^+ 
concentration by using the equation of Giynkiewicz (Grynkiewicz et al, 1985). One 
experiment was performed and 4 to 6 cells per treatment group were analysed.
23.6.8. Oxygen electrode
The Clark-type oxygen electrode (Figure 2.1) consisted of a Ag/AgCl reference half cell, 
joined to a platinum electrode by a saturated KCl bridge. An electrical potential was 
applied across the electrodes, the platinum electrode being made negative with respect to 
the Ag electrode, causing the following electrochemical reactions to occur:
At the Ag/AgCl electrode:
4 Ag + 4 Cl" 4 AgCl + 4e"
At the platinum electrode:
O2 + 2e" +2H"^  —> [H2O2]
[H2O2] + 2e- + 2H+ -> 2 H2O
In the presence of oxygen the application of the polarising voltage sets up a flow of 
current from the Ag/AgCl anode to the platinum cathode. The magnitude of this current 
was determined as a voltage on a chart recorder and was a measure of the rate of diffusion 
of molecular oxygen to the platinum cathode which in turn was proportional to the 
concentration of oxygen in the reaction vessel. The anode and cathode were immersed in 
an electrolyte solution of saturated KCl and a single thickness of Kleenex tissue was placed 
on top with a small hole notched into the centre exposing the platinum cathode. A semi- 
permeable Teflon membrane, through which oxygen readily diffuses, was interposed 
between the platinum electrode and the reaction mixture. A magnetic stirrer and a flea 
impeller were used to prevent the formation of diffusion gradients.
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Figure 2.1. Clark-type oxygen electrode.
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The electrode output at a given oxygen concentration plotted against polarising voltage 
gives a plateau between 0.4-0.7 volts. The polarising voltage was set at 0.6 volts since 
small changes in voltage in the plateau region would not affect the current, which is 
determined only by the oxygen concentration of the experimental solution. The polarising 
unit incorporated a sensitivity control electrode which converted the electrode current to a 
voltage and enabled it to be recorded on a chart recorder. The current produced by the 
cell, since it depends on diffusion, is temperature dependent and therefore the reaction 
vessel was kept constant at 37°C throughout the experiment using recirculating water 
from a thermostatically controlled water bath.
After the hepatocyte suspension in respiration buffer was placed in the electrode chamber, 
the lid was adjusted in position and any subsequent additions were made through the hole 
in the lid using a microlitre syringe.
The electrode was calibrated on the basis of the oxygen concentration in air saturated 
water, and the subsequent drop to zero on sodium dithionite addition. First of all, the chart 
recorder was set to a sensitivity of 0.5 mV and zeroed using its own zero control. The 
electrode chamber was filled with 3 ml of distilled water and the stirrer was switched on. 
When the temperature reached 37°C, the sensitivity control was used to set the pen to full 
scale deflection. This was assumed to correspond to an O2 concentration of 215 nmolAnl 
which is the solubility of 0% in water at 37°C. The chart paper was set at a rate of 5 
mm/min. A spatula tip of sodium dithionite was added, which reduced all the oxygen 
present in the solution. The output voltage declined rapidly and more slowly at the end to 
almost zero volts (no oxygen). The distance between the top plateau (aerated) to bottom 
plateau (oxygen removed) was used to calculate the nmol of oxygen represented by a 1 
mm drop on the chart.
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2.3.6.9. Hepatocyte suspensions for oxygen consumption measurements
2.3.6.9.I. Reagents:
Respiration buffer:
25 mM Tris-HCl (3.94 mg/ml)
10 mM K2HPO4 (1.74 mg/ml)
5 mM MgCl2 (1.02 mg/ml)
2 mM EDTA (0.74 mg/ml)
250 mM sucrose (85.57 mg/ml)
10 mM succinate (2.7 mg/ml)
0.1 mM rotenone: 10 |xl/3 ml respiration buffer of a stock solution 30 mM (11.832 
mg/ml) in DMSO.
0.0338 mM digitonin: 5 |il/3 ml respiration buffer of a stock solution 25 mg/ml in 
DMSO.
ADP stock solution: 150 mM (64.08 mg/ml).
2.3.6.92. Procedure:
Hepatocytes either after isolation (as described in section 2.3.2) or after cryopreservation 
(as described in section 2.3.9) were kept in suspension at a concentration of 1x10? viable 
cells/ml in sterile PBS on ice.
2.9 ml of respiration buffer were placed in the electrode chamber and equilibrated to 37°C. 
100 |xl of cell suspension was added, the magnetic stirrer switched on and the lid replaced.
The respiration buffer contained digitonin which was used to permeate the hepatocyte 
plasma membrane as described previously (Moreadith and Fiskum, 1984). Succinate was 
the substrate for the respiratory chain and rotenone was added to inhibit the complex I 
fraction of the respiratory chain which oxidises NADH2 Therefore, succinate and the 
addition of ADP would be the only rate-limiting factors.
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The oxygen consumption was measured with the Clark-type oxygen electrode. Initially 
state 4 (ST4) respiration was recorded; subsequently 10 |il of 150 mM ADP was added 
and state 3 (ST3) respiration was recorded. The respiration rates (ng-atom 0/min/cell) and 
the respiratory control rate (ST3/ST4) were calculated from the trace obtained with the 
chart recorder (Figure 2.2).
The effect of MP (0.0033-3.3 mM) on oxygen consumption was studied and compared 
with the effect of dinitrophenol (0.0025-0.025 mM), a known uncoupler of respiration. 
Oligomycin (5 |ig/ml) was added to observe the inhibition of oxidative phosphorylation.
The additions were repeated three times on three different hepatocyte aliquots and three 
separate experiments were performed (except for oligomycin for which one experiment 
was performed). The mean of three experiments was calculated and analysed by Student’s 
t-test. P ^ .05  was considered significantly different from control.
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Figure 2.2. Examples of the approximate shapes of the oxygen electrode traces.
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2.3.7. Assessment of apoptosis
2.37.1. Reagents
TGF-Pi stock solution: 1 pg/ml of TGF-pi derived fiom human platelets (Sigma, Poole, 
UK) in 4 mM HQ containing 1 mg/ml BS A.
Ethanol/acetic acid (3:1): mixture of 3 parts of absolute ethanol and 1 part of glacial acetic 
acid in volume.
Hoechst 33342: 5 pg/ml aqueous solution
Mounting solution: 20 mM citric acid, 50 mM di-sodium orthophosphate and 50% 
glycerol in aqueous solution.
2.3.7.2. Culture of primary hepatocytes
Hepatocytes were seeded at a density of 2x10^ cells/well in a volume of 1 ml WEI per 
well on collagen coated coverslips in 12-well plates. After a 2 hour incubation at 37°C the 
medium was changed to either WEI, WE2 or WE3 containing the test chemicals (MP at 
0.5, 5 or 25 pM; PB at 1 or 3 mM) and/or TGF-pj. Medium was renewed at 24 hours. 
TGF-pi was added to give a final concentration of 5 ng/ml.
The supernatants of hepatocytes in culture after 24 and 48 hours were collected. 100 pi of 
supernatant were mixed with 10 pM of Trypan Blue solution to stain dead cells. Cells 
were counted using a hæmocytometer. The mean of four squares was calculated and data 
was expressed as number of cells per pi of supernatant.
2.3.7.3. Staining for nuclear morphology analysis
After 48 hours in culture, hepatocytes remaining attached to the collagen coated 
coverslips, were fixed in ethanol/acetic acid (3:1) for 5 minutes. Cells were then stained 
with Hoechst 33342 for 5 minutes and washed 3 times in distilled water. The coverslips 
were then withdrawn from the wells and mounted on glass slides in a solution of 20 mM 
citric acid, 50 mM di-sodium orthophosphate and 50% glycerol (pH 5.5) to achieve 
optimum fiuorescence. Slides were examined at a wavelength of 350-460 nm using a
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fluorescence microscope and pictures were taken from a camera attached to the 
microscope.
At least 500 cells were analysed for each data point. The fields were selected moving 
through the middle of the coverslip first vertically and consecutively horizontally. 
Apoptotic cells were identified as those with brightly staining condensed chromatin and 
were expressed as a percentage of total cell number. Normal cells had the nucleus 
uniformly stained and less bright than apoptotic cells.
Three independent experiments were performed and the statistical significance of the 
difference between the mean results was calculated using the Student's t test.
2.3.8. Determination of aspartate transaminase, calcium and triglyceride levels in 
hepatocytes
2.3 8.1. Preparation of hepatocyte cultures
Hepatocytes were seeded at a density of 2x10^ cells/well in a volume of 1 ml WEI per 
well in collagen-coated 12-well plates. After a 2 hour incubation at 37°C the medium was 
changed to either WEI, WE2'^^P, WE2 or WE2 containing the test chemicals. Cells were 
harvested at 24 and 48 hours. Medium was renewed at 24 hours. Two to four separate 
experiments were performed and three replicate cultures were prepared for each datum 
point within an experiment.
At the end of the appropriate culture period, supernatants were removed and kept at 4°C. 
Cell monolayers were washed twice with PBS and 0.5 ml of PBS was added to each well. 
Cells were harvested by scraping with a pipette tip and transferred to microcentrifuge 
tubes. Cells were homogenised using a sonicator set to obtain 50 |iA. The probe was 
immersed in the liquid and two 10 second bursts were utilised to disrupt the cells. This 
procedure has been used previously by other research workers at the Robens Institute to 
ensure that hepatocyte membranes were completely disrupted and to avoid overheating of
51
cells. Cells were maintained on ice between each 10 second burst. Homogenates were 
centrifuged for 10 minutes at 1500 x g. Supernatants were kept at 4°C. Measurement of 
AST, Ca^+ and triglycerides was performed within 18 hours. Remaining volumes of 
supernatant were stored at -20°C for subsequent measurement of protein content.
23.8.2. AST assay
The catalytic activity of aspartate aminotransferase was determined using a commercially 
available kit (Unimate 3 AST).
The kit comprises of a kinetic test that is represented by the following reactions:
AST ^
L-Aspartate + 2-oxoglutarate -  L-glutamate + oxaloacetate
Malate dehydrogenase 
Oxaloacetate + NADH + H+ L-malate + NAD+
The rate of NADH oxidation is directly related to the AST activity and was measured 
photometrically at 340 nm (i.e. decrease in absorbance), using the automated centrifuge 
analyser COBAS BIO.
2.3.8.2.I. Reagents:
Vial 1 content: Tris (104 mmol/L), L-aspartate (312 mmol/L), NADH (0.24 mmol/L), 
lactate dehydrogenase (>1199 U/L), malate dehydrogenase (>839 U/L) and sodium azide 
(0.3% w/v).
Vial 2 content: 2-oxoglutarate (16 mmol/L), sodium azide (<0.1% w/v) and solvent (125 
ml).
Reagent: Vial 1 was reconstituted in 6.0 ml of vial 2.
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23.8.2.2. Procedure:
The reconstituted reagent was placed in the reagent rack, the samples in sample cups on 
the sample disc and the cuvette rotor inserted in the analysing rotor of the automated 
analyser COBAS BIO.
COBAS BIO was programmed as follows: an enzyme kinetic type of analysis, reaction 
direction (decreasing absorbance value), calculation factor (2480), units for the results 
(U/L), limit (0.36), temperature of the assay (37°C), absorbance wavelength (340 nm), 
sample volume (16 |il), diluent volume (30 p,l), reagent volume (145 p,l), time of first 
reading (50 seconds), time interval between readings (10 seconds), number of readings 
(15), blanking mode (reagent blank) and printing mode (final result in concentration).
The COBAS BIO programme delivered appropriate volumes of sample, reagent and 
distilled water into the cuvettes of the analysing rotor on the photometer arm that was at 
37°C. The rotor ensured mixing of reagents. After 50 seconds the absorbance was 
measured at 340 nm (15 times at 10 seconds intervals). COBAS BIO automatically 
performed a linear search on each cuvette, individually, to find the linear portion of the 
data and calculated the rate of decrease of absorbance per minute (AA/min) from the slope 
of the regression line. Activity was expressed as U/L by multiplying AA/min by the 
calculation factor.
2.3.8.B. Calcium assay
Ca^+ concentration was determined using a commercially available kit (Uni-Kit II calcium 
MTB) and the automated centrifuge analyser COBAS BIO.
In alkaline solution, methylthymol blue reacts with Ca^+ ions forming a blue-coloured 
chelate.
Ethanolamine
Methylthymol blue + Ca^+ -------------- ^  Blue chelate (Absorbance at 612 nm)
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EDTA + Blue chelate ---------------^  Methylthymol blue + EDTA-Ca^+ chelate
The addition of EDTA decreases the absorbance at 612 nm as it binds Ca^+ ions liberating 
them fiom the chelate. Measurement of the decrease in absorbance is proportional to Ca^+ 
concentration. Magnesium ions were masked by 8-hydroxyquinoline.
2.3.83.1. Reagents:
Standard 1: Calibrator I (Ca^+ content = 2.89 mmol/L) diluted 1:2 with distilled water. 
Standard 2: Calibrator I diluted 1:4 with distilled water.
Standard 3: Calibrator I diluted 1:10 with distilled water.
Vial 1 content: Methylthymol blue (1 jimol) and 8-hydroxyquinoline sulfonic acid 
(110 |xmol/vial).
Vial 2 content: EDTA (40.2 mmol/L) and sodium azide (<0.1% g/v).
Vial 3 content: Ethanolamine (1.25 mol/L) and sodium sulphite (47.5 mmol/L).
Reagent 1: The contents of vial 1 were reconstituted with 6.0 ml from vial 3.
Reagent 2: The solution in vial 2 was supplied ready to use.
23.8.3.2. Procedure:
Reagents 1 and 2 and standards were placed in the reagent rack, samples in sample cups 
on the sample disc and the cuvette rotor inserted in the analysing rotor of the automated 
analyser COBAS BIO.
COBAS BIO was programmed as follows:
Reaction direction (decreasing absorbance value), units for the results (mmol/L), 
concentration of standard 1 (1.445 mmol/L), standard 2 (0.7225 mmol/L), standard 3 
(0.289 mmol/L), calculation factor (0), limit (4), temperature of the assay (25°C), type of 
analysis (substrate start), absorbance wavelength (612 nm), sample volume (5 fxl), diluent 
volume (30 p.1), reagent volume (330 |xl), incubation time (10 seconds), start reagent 
volume (10 |il), time of first reading (1 second), time interval between readings (30
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seconds), number of readings (2), blanking mode (reagent blank) and printing mode (final 
result in concentration).
The COBAS BIO programme delivered appropriate volumes of sample, reagent 1 and 
distilled water into the cuvettes of the analysing rotor in the photometer arm. The rotor 
ensured mixing of reagents. Reagent 2 was automatically added and absorbance measured 
after 1 second at 612 nm and again after 30 seconds. The difference between these two 
measurements was proportional to Ca^+ concentration. COBAS BIO calculated and 
presented the results in mmol/L from the standard curve.
2.3.S.4. Triglycerides assay
The concentration of triglycerides was determined using a commercially available kit 
(Unimate 5 TRI) and the automated centrifuge analyser COBAS BIO.
The assay incorporated an enzymatic colorimetric test that is represented by the following 
reactions:
lipase
Triglycerides --------------   ^  glycerol + fatty acids
Glycerol kinase
Glycerol + ATP -------------------------- glycerol-3-P +ADP
Glycerol phosphate oxidase____
Glycerol-3-P + Oxygen ^ ---------------------------dihydroxyacetone phosphate + Hydrogen peroxide
Hydrogen peroxide, peroxidase
4-chlorophenol + 4-aminoantipyrine------------------------^  quinoneimine derivative
The colour intensity of this quinoneimine derivative is directly related to the triglyceride 
concentration and was measured photometrically at 520 nm..
2.38.4.1. Reagents:
Standard 1: Roche lipid control serum diluted 1:10 (0.326 mmol/L).
Standard 2: Roche lipid control serum diluted 1:20 (0.163 mmol/L).
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Standard 3: Roche lipid control serum diluted 1:40 (0.0815 mmol/L).
Reagent: PIPES buffer pH 7.5 (42 mmol/L), adenosine triphosphate (1 mmol/L), 
4-aminoantipyrine (0.5 mmol/L), lipoprotein lipase (^999  U/L), glycerol kinase ( >779 
U/L), glycerol phosphate oxidase (>1499 U/L), peroxidase (^ 9 9  U/L), and 
4-chlorophenol (6 mmol/L).
The reagent was reconstituted with 30 ml of distilled water.
2.3.S.4.2. Procedure:
Reagent and standards were placed in the reagent rack, samples in sample cups on the 
sample disc and the cuvette rotor inserted in the analysing rotor of the automated analyser 
COBAS BIO.
COBAS BIO was programmed as follows:
Reaction direction (increasing absorbance value), units for the results (mmol/L), 
concentration of standard 1 (0.326 mmol/L), standard 2 (0.163 mmol/L), standard 3 
(0.0815 mmol/L), calculation factor (0), limit (8), temperature of the assay (37°C), type of 
analysis (endpoint), absorbance wavelength (520 nm), sample volume (4 fxl), diluent 
volume (40 i^l), reagent volume (300 nl), time of first reading (5 seconds), time interval 
between readings (300 seconds), number of readings (2), blanking mode (reagent blank) 
and printing mode (final result in concentration).
The COBAS BIO programme delivered appropriate volumes of sample, reagent and 
distilled water into the cuvettes of the analysing rotor of the photometer arm that was at 
37°C. The rotor ensured mixing of reagents. COBAS BIO measured the increase in 
absorbance at 520 nm over a 300 seconds time interval, and calculated the results in 
mmol/L from the standard curve.
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2.3.9. Cryopreservation of rat hepatocytes
2.39.1. Reagents
Freezing medium: WEl medium containing 10% DMSO.
0.5 M glucose (90 mg/ml) in WEl medium.
PercoU (Sigma, Poole, UK).
2.3.9 2. Freezing procedure
Rat hepatocytes were isolated as previously described in section 2.3.2 and aliquoted at 
3x10^ viable cells per ml of freezing medium in 1 ml amounts into 1.8 ml cryotubes. A 
programmable KRYO-10 freezer was used to obtain different cooling rates. Four 
cryotubes for each separate experiment were placed in the chamber of a KRYO-10 freezer 
and a thermo-probe was placed inside of one of the cryotubes. A chart recorder registered 
the temperature inside the cell suspension as programmed rate of cooling was achieved in 
the freezing chamber. Immediately after the end of the programme the cells were stored 
frozen in the vapour phase of a liquid nitrogen dewar for later analysis of initial viability 
and yield of viable cells and then assessment of NR uptake, thymidine incorporation and 
protein content after 48 hours in culture. The data was compared to the viability and 
survival data obtained for freshly isolated hepatocytes.
2.3.9 3. Effect of cold shock
The temperature was lowered to -20°C without freezing the cells by inclusion of DMSO as 
cryoprotectant. A KRYO-10 programmable freezer enabled the following cooling regimes 
to be utilised:
Method A: from 4 °C to -20 °C at -50 °C/min and held at -20 °C until the freezing 
chamber reached -20 °C.
Method B: from 4 °C to -20 °C at -10 °C/min and held at -20 °C until the freezing 
chamber reached -20 °C.
Method C: from 4 °C to -20 °C at -1 °C/min.
Freshly isolated hepatocytes were kept at 4 °C.
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23.9.4. Comparison of freezing methods
Various methods were utilised based on previous cryopreservation procedures for 
hepatocytes that were reported in the literature (methods 1-3) or developed to compare 
different cooling rates during ice nucléation (methods 4-15).
Method 1 or Control Freezing Method: Based on the optimal method reported for this 
laboratory (Lawrence and Benford, 1991). Cryotubes were placed at the lowest position of 
the 'handifreeze' freezing tray (Union Carbide) set into the neck of a liquid nitrogen dewar 
for 1 hour. This gives a reported cooling rate of approximately -10 °C/min to -160 °C, 
based on manufacturer's specifications. Cryotubes were then transferred into the vapour 
phase of a liquid nitrogen dewar.
Method 2: Based on Loretz et al (1989). Cryotubes placed in a -20 ®C freezer for 1 hour. 
Transferred to neck of nitrogen dewar for 1 hour and into liquid nitrogen vapour phase. 
Method 3: Based on Powis et al (1987). Using the KRYO-10 freezer the temperature in 
the freezing chamber was lowered from 4 ®C to -20 ®C at a rate of -1 °C/min. Temperature 
held at -20 °C for 1 hour and then lowered to -40 °C at -0.5 °C/min. The rate was changed 
to -5 °C/min to lower the temperature to -80 °C, held at -80 °C for 1 hour and transferred 
to neck of nitrogen dewar for 1 hour and into liquid nitrogen vapour phase.
Method 4: Temperature in the freezing chamber of the KRYO-10 freezer lowered from 
4 °C to -20 °C at -1 °C/min, held at -20 °C for 1 hour and transferred to neck of nitrogen 
dewar for 1 hour and into liquid nitrogen vapour phase.
Method 5: Temperature in the freezing chamber of the KRYO-10 freezer lowered from 
4 °C to -10 °C at -10 °C/min, from -10 °C to -40 °C at -1 °C/min, held at -40 °C for 2 
minutes and transferred to neck of nitrogen dewar for 1 hour and into liquid nitrogen 
vapour phase.
Method 6 : Temperature lowered from 4 °C to -40 °C at -10 °C/min, held at -40 °C for 2 
minutes and transferred to neck of nitrogen dewar for 1 hour and into liquid nitrogen 
vapour phase.
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Method 7: Temperature lowered from 4 °C to -50 °C at -50 °C/min, held at -50 °C for 2 
minutes and transferred to neck of nitrogen dewar for 1 hour and into liquid nitrogen 
vapour phase.
Method 8 : Temperature lowered from 4 °C to -100 °C at -100 °C/min, held at -100 °C 
for 2  minutes and transferred to neck of nitrogen dewar for 1 hour and into liquid nitrogen 
vapour phase.
Method 9: Temperature in the chamber of the KRYO-10 freezer lowered from 4 °C to 
-90°Cat-l°C/min.
Method 10: Temperature lowered from 4 °C to -160 °C at -35 °C/min.
Method I I :  Temperature lowered from 4 °C to -40 °C at -35 °C/min; from -40 °C to 
-100 °C at -100 °C/min; from -100 °C to -160 °C at -35 °C/min.
Method 12: Temperature lowered from 4 °C to -35 °C at -35 °C/min; from -35 ®C to 
-42 °C at -1 °C/min; from -42 °C to -160 °C at -35 °C/min.
Method 13: Maximum cooling rate possible with the KRYO-10 freezer at which the 
freezing chamber reaches -160 °C in 1.5 minutes (approximate cooling rate of 
-106 "C/min).
Method 14: Cryotubes placed directly into the vapour phase of a liquid nitrogen dewar. 
Although the actual cooling rate was not measurable it was probably higher than 
-100 °C/min.
Method 15: Temperature lowered from 4 °C to 0 °C at -35 °C/min; from 0 °C to -10 °C 
at -1 °C/min; from -10 °C to -160 °C at -35 °C/min.
23.9.5. Influence of freezing medium composition
WE medium and L-15 medium containing 10% PCS were compared as cryopreservation 
medium with addition of varying concentrations of DMSO. Hepatocytes were frozen using 
the control freezing method. Viability was measured after the thawing procedure was 
performed and 2x10^ viable cells/well were seeded in 100 |il of WEl on collagen coated 
96-well plates and the medium changed to WE2 at 2 hours in culture. NR uptake was 
assessed at 24 hours in culture.
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2.3.9 6. Thawing procedure
Cryotubes were placed in a water-bath at 37 °C for rapid thawing until a slush was 
formed Each sample was diluted in 10 ml WEl containing 0.5 M glucose at 4 °C to lower 
the concentration of DMSO to 1%. Hepatocytes were washed by centrifugation at 50 x g 
for 2 minutes and resuspended in WEl medium at room temperature.
2.3.9.T. Percoll treatment
A density gradient centrifugation using Percoll was performed upon the cell suspension to 
eliminate dead cells and obtain an initial hepatocyte population of higher viability.
After rapid thawing in a water bath at 37 °C, 0.5 ml of Percoll (Sigma) at 4 °C was added 
to each cryotube containing 1 ml of cell suspension at a density of 3x10^ viable cells per 
ml. The tubes were centrifuged at 1000 x g for 10 minutes. The top layer was discarded 
and the bottom pellet was washed in 1 ml of PBS by centrifugation at 50 x g for 2 minutes. 
The pellet was then resuspended in 2 ml of the culture medium. Trypan Blue was used to 
assess viability and yield of cells. Percoll treatment of thawed hepatocytes was only 
performed where indicated in the results section.
2.3.9.S. Culture of cryopreserved hepatocytes
Freshly isolated rat hepatocytes and cryopreserved hepatocytes after thawing cycle, were 
seeded at a density of 2x10^ viable cells per well in WEl medium on collagen and non­
collagen coated 96-well plates. Cellular protein was measured (Bradford, 1976) after 
various attachment periods (30 min to 22 hours). After the attachment period the medium 
was changed to WE2 and survival in culture was assessed measuring NR uptake at 48 
hours of culture.
2.3.10. Statistical Analysis
Data were analysed by Student's t-test. A p<0.05 was considered significant.
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CHAPTER 3
SURVIVAL OF HEPATOCYTES IN  CULTURE AND CYTOTOXICITY
OF TEST CHEMICALS
3.1. INTRODUCTION
Attachment and survival of rat hepatocytes in culture was assessed by measuring total 
cellular protein and DNA content. Cytotoxicity of test chemicals was assessed by NR 
uptake to determine concentration to be utilised in subsequent studies on induction of 
DNA synthesis and apoptosis.
3.2 RESULTS
3.2.1. Appearance of rat hepatocytes in culture
Cultures of rat hepatocytes were stained with Hæmatoxylin and Eosin at different time 
points. At 2 hours (Figure 3.1) the cells looked rounded with pink cytoplasm and blue 
nucleus. Cells began to flatten out during the first 24 hours of culture and they were 
almost completely spread out within 48 hours as depicted in Figure 3.2. The cytoplasm of 
cells was larger and of paler pink compared to cytoplasm after 2 hours in culture. The cell 
nude us had flattened and therefore appeared bigger than at 2 hours. At 96 hours (Figure 
3.3) the cells were completely spread out forming a confluent monolayer.
3.2.2. Attachment of rat hepatocytes
Cell attachment was assessed by measuring DNA content and total cellular protein after 2 
and 48 hours of culture in different medium. Table 3.1. summarises the influence of 
different tissue culture medium composition on attachment of rat hepatocytes.
Hepatocyte cultures after a 2 hour attachment period in medium containing 10% FCS 
(WEl and WE3) exhibited a higher total protein content (20% higher) than cultures in
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medium without FCS. DNA content of cultures was similar irrespective of the presence or 
absence of 10% FCS
After 48 hours in culture with WE as the maintenance medium, protein content decreased 
to 61% and DNA content to 69% compared to cultures in WEl for 2 hours. After 48 
hours in culture with WEl, protein and DNA content was decreased to 75% compared to 
the content after 2 hours in culture. Optimal survival was obtained when a hormone 
containing medium was used (WE2, WE2"^GF or WE3) as the maintenance medium 
irrespective of the presence or absence of 10% FCS.
This preliminary study indicated that an initial 2 hour attachment period on collagen coated 
plates using WEl as the attachment medium followed by subsequent maintenance for up to 
48 hours in WE2 was optimal. This procedure was adopted for subsequent experiments.
3.2.3. Neutral Red cytotoxicity assay
Hepatocytes were exposed to the test chemicals for 24 hours after an initial 24 hour 
culture period or for 46 hours after an initial 2 hour attachment period. The effect of AAF, 
CA, DMSO, MP and PB on NR uptake is shown in Figures 3.4 to 3.8.
NR50 values (Table 3.2) were lower for all the chemicals when cells were exposed for 46 
hours compared to cells exposed for 24 hours after a 24 hours period in culture. The 
results for PB were very similar at both exposure times. The biggest difference between 
the 2 exposure protocols was observed for MP. NR50 of MP when cultures were dosed 
after 24 hours in culture was 50 times higher than when dosed after 2 hours in culture 
(Table 3.2).
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Table 3.1.
Total cellular protein and DNA content of hepatocytes maintained in various culture 
medium.
Attachm ent
M edium
M aintenance
M edium Protein DNA
From 0 to 2 hours From 2 to 48 hours ug/well % Control Ug/well % Control
WEI (Control) ® 289+16 100 6.64+0.70 100
WE2« 234±20* 80 6.42+0.47 96
WE2 -EGP a 242±17* 83 6.70+0.15 100
WE3^ 306±30 105 7.89+0.96 118
W Elb WE 178+12* 61 4.64+0.24* 69
WEI*» WEI 218+1* 75 5.06+0.41* 76
WEI*» WE2 283+31 97 6.47+0.26 97
WEI*» WE2 -EGP 274+23 94 6.06±1.11 91
WEI*» WE3 280+14 96 6.26+0.05 94
WE2*» WE2 240+42 83 5.89+0.59 88
\YE2-^GPb WE2 -EGP 219±25* 75 6.00+0.52 90
WE3*» WE3 264+24 91 6.84+0.53 103
Results are the mean±SD of 3 separate experiments with 3 replicate cultures for each individual 
experiment.
Hepatocytes were seeded at 2x10^ cells/well in 1ml of the attachment medium per well on 12-well 
collagen coated plates. After a 2 hour attachment period medium was changed to maintenance medium.
® DNA and protein content were measured after a 2 hour attachment period.
 ^DNA and protein content were measured after 48 hours in culture.
* Significantly different from 2 hour attachment period in WEI medium (p<0.05).
WE: Williams’ medium E containing 2 mM L-glutamine and 100 pg/ml kanamycin.
WEI: WE containing 10% PCS.
WE2: WE containing 10"^  M dexamethasone, 10 |ig/ml insulin and 2.5 ng/ml EOF.
WE2 -EGF; WE2 without EGF.
WE3: WE2 containing 10% PCS.
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Table 3.2. Cytotoxicity of Test Chemicals.
NRqn values (mM)
Test chemical 24-48 hours 2-48 hours
AAF 0.39±0.06 0.09+0.01
MP 0.97+0.15 0.0210.02
CA 4.22+0.75 2.0510.49
PB 6.8710.4 5.1710.46
DMSO 10.011.5a 3.410.05a
NR5 0  values represent the mean±SD of values calculated from three separate experiments with 4 replicate 
cultures for each individual experiment. For further experimental details see Figures 3.4 to 3.8.
 ^DMSO expressed as % (v/v) as it was employed as a solvent for AAF and CA at a concentration of 0.1% 
for DNA synthesis assays.
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#Figure 3.1. Rat hepatocytes were seeded in WEI medium and allowed to attach on 
collagen coated coverslips for 2 hours. The cells were then fixed and coverslips were 
mounted on glass slides and stained with Hæmatoxylin and Eosin. The picture was taken 
from a camera attached to a microscope (magnification; xlOO).
#m
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Figure 3.2. Rat hepatocytes were seeded in WEI medium, allowed to attach on collagen 
coated coverslips for 2 hours and maintained for a subsequent 46 hours in WE2 medium. 
The cells were then fixed and coverslips were mounted on glass slides and stained with 
Hæmatoxylin and Eosin. Pictures were taken from a camera attached to a microscope. 
Magnification: a. xlOO; b. x200.
%Figure 3.3. Rat hepatocytes were seeded in WEI medium, allowed to attach on collagen 
coated coverslips for 2 hours and maintained for a subsequent 94 hours in WE2 medium. 
Culture medium was renewed every 24 hours. At 96 hours cells were fixed, the coverslips 
mounted on glass slides and stained with Hæmatoxylin and Eosin. The picture was taken 
from a camera attached to a microscope (magnification; x200).
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Figure 3.4. Rat hepatocytes were cultured in WEI medium for 2 hours and in WE2 
containing 10 ng/ml EGF for 46 hours and NR uptake was measured. Cells were exposed 
to AAF a. from 24 to 48 hours of culture; b. from 2 to 48 hours of culture. The graphs 
represent the mean±SD of 3 separate experiments with 4 replicate cultures for each 
experiment, a. NR5o=0.39±0.06 mM; b. NR$o=0.09±0.01 mM. NR50 values are the mean 
of 3 values calculated for each individual experiment.
68
EFFECT OF CA ON NR UPTAKE
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Figure 3.5. Rat hepatocytes were cultured in WEI medium for 2 hours and in WE2 
containing 10 ng/ml EGF for 46 hours and NR uptake was measured. Cells were exposed 
to CA a. from 24 to 48 hours of culture; b. from 2 to 48 hours of culture. The graphs 
represent the mean±SD of 3 separate experiments with 4 replicate cultures for each 
experiment, a. NR$g=4.22±0.75 mM; b. NR5o=2.05±0.49 mM. NR50 values are the mean 
of 3 values calculated for each individual experiment.
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üEFFECT OF MP ON NR UPTAKE
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Figure 3.6. Rat hepatocytes were cultured in WEI medium for 2 hours and in WE2 
containing 10 ng/ml EGF for 46 hours and NR uptake was measured. Cells were exposed 
to MP a. from 24 to 48 hours of culture; b. from 2 to 48 hours of culture. The graphs 
represent the mean±SD of 3 separate experiments with 4 replicate cultures for each 
experiment, a. NR5o=0.97±0.15 mM; b. NR5o=0 .02±0.02 mM. NR50 values are the mean 
of 3 values calculated for each individual experiment.
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EFFECT OF PB ON NR UPTAKE
a. 24 hr exposure
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Figure 3.7. Rat hepatocytes were cultured in WEI medium for 2 hours and in WB2 
containing 10 ng/ml EGF for 46 hours and NR uptake was measured. Cells were exposed 
to PB a. from 24 to 48 hours of culture; b. from 2 to 48 hours of culture. The graphs 
represent the mean±SD of 3 separate experiments with 4 replicate cultures for each 
experiment, a. NR$o=6.87±0.4 mM; b. NRgo=5.17+0.46 mM. NR50 values are the mean 
of 3 values calculated for each individual experiment.
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EFFECT OF DMSO ON NR UPTAKE
a. 24 hr exposure
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Figure 3.8. Rat hepatocytes were cultured in WEI medium for 2 hours and in WE2 
containing 10 ng/ml EGF for 46 hours and NR uptake was measured. Cells were exposed 
to DMSO a. from 24 to 48 hours of culture; b. from 2 to 48 hours of culture. The graphs 
represent the mean±SD of 3 separate experiments with 4 replicate cultures for each 
experiment, a. NR5o=10.0±1.5 %; b. NR5o=3.4±0.05 %. NR50 values are the mean of 3 
values calculated for each individual experiment.
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3.3. DISCUSSION
Cell attachment and survival data correlated with those reported by Richman et al (1976). 
Attachment was greater in the presence of serum in the medium with or without 
hormones. However, the survival was lower when cells were cultured in medium 
containing serum wihout hormones and EGF. Enat et al (1984) found that serum was 
cytotoxic to parenchjmal cells at low seeding densities. This could be due to a deficiency in 
components essential for survival and proliferation or the presence of inhibitors or toxic 
factors in the serum. From the results of this study it can be deducted that FCS does not 
contain toxic factors because the survival was optimal when there were hormones and 
EGF present in the medium even with medium containing 10% FCS. It could be deducted 
that FCS is deficient in essential components for the survival of hepatocytes in culture.
Richman et al (1976) observed that although DNA synthesis was stimulated by 
combinations of insulin, EGF and glucagon, an increase in the cell number could not be 
demonstrated utilising a Coulter Counter. Although the cell number remained relatively 
constant over the 3-day culture period in the presence of hormones, the cell number 
declined by about 20% in the absence of hormones. In the present study, it was found that 
after 2 days in culture protein content had decreased 25% in the absence of hormones and 
only around 5% in a culture medium containing EGF, insulin and dexamethasone.
It has been reported by many authors that there is a loss of metabolising capacity in cells in 
culture that varies with culture conditions. Padgham (1993) reported that there was loss of 
cytochrome P450 during hepatocyte isolation and that at 16 hours of culture there was 
only a fifth of the initial cytochrome P450 content and at 48 hours activity was nearly 
absent. This could explain why the cells exposed to test chemicals at 24 hours exhibited 
NR50 values higher than when exposed after 2 hours in culture. A loss in metabolising 
activity with time in culture, would mean that more metabolites were produced at 2 hours. 
This would be critical if the metabolites were more toxic than the parent compounds. This 
was particularly obvious in the case of AAF and MP. AAF has been reported to be
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metabolised to N-hydroxy-2-acetylaminofluorene, which needs a further sulfuric acid 
sterification to reach its ultimate carcinogenic form (Yerokun et al, 1994). N-hydroxy-2- 
acetylaminofluorene was more toxic and mutagenic in the presence of N-arylhydroxamic 
acid N,0-acyltransferase, which activated the compound to its electrophilic N- 
acetoxyarylamine intermediate (Babson et al, 1992). Metabolic activation has been 
proposed to explain the carcinogenicity of methapyrilene (Ziegler et al, 1981; Singer et al, 
1987). Kelly et al (1992) identified the metabolites of MP produced by rat and mouse 
hepatocytes in suspension cultures. Mouse and rat hepatocytes biotransformed MP via N- 
and side-chain oxidation, N-dealkyation and glucuronidation.
In the case of PB, NR50 values were very similar at both exposure times. One possible 
explanation would be that PB is still biotransformed to its toxic metabolites after 24 hours 
in culture as it has been reported to induce cytochrome P-450 in cultures of hepatocytes 
(Michalopoulos et al, 1976; Newman and Guzelian, 1982). CA has also been shown to 
induce both in vivo and in vitro, several P-450 isoenzymes normally inducible by PB 
(Wortelboer et al, 1991; Bars et al, 1993). NR50 value for CA added after 24 hours, is 
higher than added at 2 hours suggesting that the induction stimulated by CA is partially 
lost after 24 hours in culture.
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CHAPTER 4
CELL PROLIFERATION IN HEPATOCYTE CULTURES
4.1. INTRODUCTION
The effect of MP on DNA synthesis in primaiy cultures of rat hepatocytes was compared 
with the effects of the tumour promoter sodium phenobarbitone (PB), the peroxisome 
proliferator clofibric acid (CA), the genotoxic hepatocarcinogen 2-acetylaminofluorene 
(AAF) and the solvent dimethylsulfoxide(DMSO). DMSO was included because it was the 
solvent employed to dissolve AAF and CA and its activity on DNA synthesis is not well 
documented; PB because its effect on DNA synthesis in vitro has already been studied; 
AAF to compare with a potent genotoxin and CA because it is a non-genotoxic carcinogen 
with a possible different mechanism of action from MP.
DNA synthesis was measured by the incorporation of [^H]-thymidine into the DNA of 
hepatocytes maintained in a serum-ffee growth medium containing epidermal growth 
factor (EGF), insulin and dexamethasone, which has been found to be optimal for 
hepatocyte survival in culture (section 3.2.2). Hydroxyurea was used to block DNA 
replication and to establish whether the incorporation of thymidine was due to DNA 
replication or DNA repair.
4.2. RESULTS
4.2.1. pH]-Thymidine incorporation in hepatocytes in culture
In preliminary experiments [^H]-thymidine incorporation with time was measured in 72 
hour cultures of rat hepatocytes in WE2 containing 10 ng/ml EGF, based on optimal 
conditions reported in the literature (Yusof and Edwards, 1990; McGowan et al, 1981). 
Incorporation of radiolabel was approximately linear over the 3 hour time period 
investigated (Figure 4.1). A two hour exposure period to [^Hj-thymidine was selected for 
subsequent experiments as incorporation was linear at that time.
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[^HJ-Thymidine incorporation was measured after 24, 46, 48, 52, 72 and 94 hours in 
culture to ascertain the variation of S-phase with time in culture (Figure 4.2). Exposure to 
EGF (WE2 medium) produced an 80-fold increase in DNA synthesis after 46 to 52 hours. 
DNA synthesis decreased by 75% after 72 hours and this level was maintained for at least 
another 24 hours, which was the last time point examined. There was only a 20% increase 
in DNA synthesis at 48 hours with WE2'^1^ medium. Hydroxyurea, a known inhibitor of 
DNA replication, inhibited the stimulation of DNA synthesis. DNA synthesis stimulated ly 
EGF was maximal at 48 hours and therefore, this time-point was selected for subsequent 
studies.
Further experiments to investigate the optimal medium composition for measuring 
stimulation of DNA synthesis demonstrated that insulin and EGF on their own had little 
effect on DNA synthesis, whereas dexamethasone on its own or in combination with 
insulin or with EGF had a slightly greater effect than insulin and EGF on their own. 
However, in combination, insulin, dexamethasone and EGF exhibited a dramatic 
stimulation of DNA synthesis (Figure 4.3). Concentrations between 1 and 2.5 ng/ml EGF 
in the presence of the other hormones elicited the maximal stimulation of DNA synthesis 
(Figure 4.4).
4.2.2. Effect of test chemicals on DNA synthesis
Non-cytotoxic concentrations of AAF, CA, DMSO, MP and PB as determined with the 
NR uptake assay, were selected to measure their effect on DNA synthesis. After a 2 hour 
attachment period in WEI, cells were maintained in WE2 medium containing 10 ng/ml 
EGF, for a further 46 hour period. A concentration of 10 ng/ml EGF had been reported to 
be optimal (Yusof and Edwards, 1990). Hepatocyte cultures were dosed with the test 
chemical commencing either at 2 or at 24 hours after plating, for a total exposure period of 
22 hours. [^H]-Thymidine incorporation was measured over a 2 hour incubation period 
after a total of 46 hours in culture.
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AAF produced a dose-dependent decrease in DNA synthesis which was statistically 
significant at 0.001 mM (Figure 4.5). 0.001 mM AAF decreased DNA synthesis to 70% of 
control when exposure commenced at 2 hours (TREATMENT a ) and to 50% of control 
when exposure commenced at 24 hours (tr eatm ent  b ). CA (0.1 and 1 mM) increased 
DNA synthesis when dosed after 2 and after 24 hours in culture (Figures 4.6). Although 
the data for DMSO was not statistically significant, DNA synthesis declined by up to 60% 
of control levels at 0.1% (Figure 4.7).
0.005 mM MP significantly decreased DNA synthesis to 50% of control when added after 
24 hours of culture (Figure 4.8.a). Lower concentrations did not affect DNA synthesis. No 
statistically significant response was observed for PB at any concentration but 2 mM 
appeared to decrease DNA synthesis (Figure 4.8.b). The inhibitory effect of AAF, MP and 
DMSO on DNA synthesis was seen when cells were dosed after they had been maintained 
in culture for 24 hours.
The rather large inter-experimental variation observed was possibly due to lack of optimal 
conditions (exposure period, EGF concentration) and the experimental protocol was 
modified for subsequent experiments. The exposure period to test chemicals was increased 
to 48 hours and cells were dosed after allowing a 2 hour attachment time. The 
concentration of EGF in the culture medium was also varied.
In the presence of 2.5 ng/ml EGF, 0.1, 0.5 and 1 }xM MP stimulated DNA synthesis (35- 
40%). However, at higher concentrations, MP inhibited DNA synthesis (Figure 4.9.a) 
being consistent with the previous data. PB exhibited a stimulatory effect (50%) on DNA 
synthesis between 0.5 and 1 mM and an inhibitory effect at 3 mM (Figure 4.9.b). In the 
absence of EGF and in the presence of 5 ng/ml EGF, 0.5 |iM MP elicited a greater degree 
of stimulation of DNA synthesis (140% increase) compared to control than in the presence 
of 2.5 ng/ml EGF (35% increase) (Figure 4.10.a). 1 mM PB increased DNA synthesis ty
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160% in the absence of EGF and 125% with 5 ng/ml EGF compared to only 50% with 2.5 
ng/ml EGF (Figure 4.10.a).
0.1 |xM AAF, 0.1 mM CA and 0.1 % DMSO did not have a statistically significant effect 
on DNA synthesis either in the presence or absence of EGF (Figure 4.10.b). Various 
concentrations of AAF (0.00001 to 0.001 mM) and CA (0.05 to 1 mM) were tested 
(Figure 4.11). 0.001 mM AAF decreased DNA synthesis which was similar to that 
observed when exposure commenced at 24 hours (Figure 4.5.b). 1 mM CA decreased 
DNA synthesis (Figure 4.11) in contrast to a stimulation of DNA synthesis when cultures 
were exposed for 22 hours after 2 hours of culture (Figure 4.6.a). DMSO (0.0001 to 1%) 
did not have a statistically significant effect on DNA synthesis although from 0.001 to 0.1 
% in the presence of 2.5 ng/ml EGF the level of DNA synthesis was between 25-75% 
higher than controls (Figure 4.12).
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pH]-THYMIDINE INCORPORATION WITH TIME INTO HEPATOCYTE DNA
70
40
20
3 4210
hours
Figure 4.1. Rat hepatocytes were incubated for 2 hours in WEI and then, the medium 
was changed to WE2 containing 10 ng/ml EGF. Incorporation of [^Hj-thymidine into 
DNA was measured after 72 hours of culture. 1 pCi/ml of [^HJ-thymidine (47 Ci/mmol) 
was added and cells harvested after 1 to 3 hours. Values are the meantSD of 3 separate 
experiments with 4 replicate cultures per datum point within an experiment.
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(3H]-THYMIDINE in c o r p o r a t io n  in t o  DNA OF HEPATOCYTES AFTER
DIFFERENT TIMES IN CULTURE
Ï
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Figure 4.2. Rat hepatocytes were incubated for 2 hours in WEI and then the medium was 
changed to the following media:
(□) WE2-^(^F medium
(■) WB2 medium containing 10 ng/ml EGF
(x) WE2 medium containing 10 ng/ml EGF and 10 mM hydroxyurea
[^H]-Thymidine incorporation into DNA was measured over a 2 hours incubation period
at different time points after initiation of culture (24-96 hours). Data are the mean of 3
separate experiments with 4 replicate cultures per datum point within a single experiment
(except for 45 and 52 hours when only one experiment was performed). * Significantly
different from 24 hours value (p<0.05).
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EFFECT OF EGF, INSULIN AND DEXAMETHASONE ON pHJ-THYMIDINE 
INCORPORATION IN RAT HEPATOCYTES
I!
EGF l+EGF D+EGF l+D+E
Figure 4.3. Rat hepatocytes were incubated for 2 hours in WEI and then the medium was 
changed to WE medium containing; (I) 10 pg/ml insulin; (D) 10-7 m  dexamethasone; (E) 
2.5 ng/ml EGF; alone or in combination. [^H]-Thymidine incorporation into DNA was 
measured over a 2 hours incubation period at 46 hours of culture. Values are the 
meanlSD of 3 separate experiments with 4 replicate cultures per datum point within a 
single experiment.
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EFFECT OF EGF CONCENTRATION ON pH]-THYMIDINE
INCORPORATION IN RAT HEPATOCYTES
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Figure 4.4. Rat hepatocytes were incubated for 2 hours in WEI and then the medium was 
changed to WE2 medium containing different concentrations of EGF (0-20 ng/ml). pH]- 
Thymidine incorporation into DNA was measured over a 2 hours incubation period at 46 
hours of culture. Values are the mean+SD of 3 separate experiments with 4 replicate 
cultures for each one. * Significantly different from WE2'^GF (q ng/ml EOF) (p<0.05).
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EFFECT OF AAF ON pH]-THYMIDINE INCORPORATION
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Figure 4.5. Rat hepatocytes were cultured for 2 hours in WEI and for a subsequent 46 
hours in WB2 medium containing 10 ng/ml EGF. Culture medium was renewed at 24 
hours. Cells were exposed for 22 hours to AAF dissolved in DMSO from 2 to 24 hours 
(t r e a t m e n t  a ) and from 24 to 46 hours of culture (t r e a t m e n t  b ). pH]-Thymidine 
incorporation into DNA was measured over a 2 hours incubation period at 46 hours of 
culture in both cases. Values are the mean+SD of 3 separate experiments with 4 replicate 
cultures per datum point within an experiment except for 0.1 mM AAF when only one 
experiment was performed. * Significantly different from control value (p<0.05).
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EFFECT OF CA ON pH]-THYMIDINE INCORPORATION
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Figure 4.6. Rat hepatocytes were cultured for 2 hours in WEI and for a subsequent 46 
hours in WB2 medium containing 10 ng/ml EGF. Culture medium was renewed at 24 
hours. Cells were exposed for 22 hours to CA dissolved in DMSO from 2 to 24 hours 
(t r e a t m e n t  a )  and from 24 to 46 hours of culture (t r e a t m e n t  b ). [^Hj-Thymidine 
incorporation into DNA was measured over a 2 hours incubation period at 46 hours of 
culture in both cases. Values are the mean+SD of 3 separate experiments with 3 replicate 
cultures per datum point within an experiment. * Significantly different from control 
value (p<0.05).
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EFFECT OF DMSO ON pH]-THYMIDINE INCORPORATION
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Figure 4.7. Rat hepatocytes were cultured for 2 hours in WEI and for a subsequent 46 
hours in WE2 medium containing 10 ng/ml EGF. Culture medium was renewed at 24 
hours. Cells were exposed to DMSO either from 2 to 24 hours (A) or from 24 to 46 hours 
(B) of culture. [3H]-Thymidine incorporation into DNA was measured over a 2 hours 
incubation period at 46 hours of culture in both cases. Values are the mean+SD of 3 
separate experiments with 3 replicate cultures per datum point within an experiment. 
* Significantly different from control value (p<0.05).
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a. EFFECT OF MP AND EXPOSURE TIME ON pH]-THYMIDINE
INCORPORATION
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b. EFFECT OF PB AND EXPOSURE TIME ON pH]-THYMIDINE
INCORPORATION
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Figure 4.8. Rat hepatocytes were cultured for 2 hours in WEI and for a subsequent 46 
hours in WE2 medium containing 10 ng/ml EGF. Culture medium was renewed at 24 
hours. Cells were exposed to the test compound (a. MP; b. PB) either from 2 to 24 hours 
(A) or from 24 to 46 hours (B) of culture. [^H]-Thymidine incorporation into DNA was 
measured over a 2 hours incubation period at 46 hours of culture in both cases. Values 
are the mean+SD of 3 separate experiments with 4 replicate cultures for each one except 
for 0.05 and 0.5 mM MP and 0.05, 0.1 and 2 mM PB when only one experiment was 
performed. * Significantly different from control value (p<0.05).
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a. EFFECT OF MP ON pH]-THYMIDINE INCORPORATION
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b. EFFECT OF PB ON pHI-THYMIDINE INCORPORATION
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Figure 4.9. Rat hepatocytes were cultured for 2 hours in WEI and for a subsequent 46 
hours in WE2 medium containing 2.5 ng/ml EGF. Culture medium was renewed at 24 
hours. Cells were exposed to the test compound (a. MP; b. PB) from 2 to 46 hours of 
culture. [^H]-Thymidine incorporation into DNA was measured over a 2 hours incubation 
period at 46 hours of culture. Values are the mean±SD of 3 separate experiments with 4 
replicate cultures per datum point within an experiment except for 5 and 10 pM MP 
when only one experiment was performed. * Significantly different from control value 
(p<0.05).
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a. EFFECT OF MP AND PB ON pH]-THYMIDINE INCORPORATION WTTH 
DIFFERENT CONCENTRATIONS OF EOF
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b. EFFECT OF DMSG, AAF AND CA ON pH]-THYMIDINE INCORPORATION 
WITH DIFFERENT CONCENTRATIONS OF EGF
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Figure 4.10. Rat hepatocytes were cultured for 2 hours in WEI and for a subsequent 46 
hours in WE2 medium containing various concentrations of EGF (0 to 10 ng/ml). Culture 
medium was renewed at 24 hours. Cells were exposed to the test compound (a. 0.5 pM 
MP and 1 mM PB; b. 0.1% DMSG, 0.1 pM AAF and 0.1 mM CA) from 2 to 46 hours of 
culture. [3H]-Thymidine incorporation into DNA was measured over a 2 hours incubation 
period at 46 hours of culture. Values are the mean+SD of 3 separate experiments with at 
least 3 replicate cultures per datum point within an experiment. * Significantly different 
from control value (p<0.05).
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a. EFFECT OF AAF ON pH]-THYMIDINE ^CORPORATION
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Figure 4.11. Rat hepatocytes were cultured for 2 hours in WEI and for a subsequent 46 
hours in WE2 medium containing 2.5 ng/ml EGF. Culture medium was renewed at 24 
hours. Cells were exposed to the test compound dissolved in DMSO (a. AAF and b. CA) 
from 2 to 46 hours of culture. [^Hj-Thymidine incorporation into DNA was measured 
over a 2 hours incubation period at 46 hours of culture. Data are the mean+SE of 2 
separate experiments with 3 replicate cultures per datum point within an experiment.
89
EFFECT OF DMSO ON pH]-THYMIDINE INCORPORATION
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Figure 4.12. Rat hepatocytes were cultured for 2 hours in WEI and for a subsequent 46 
hours in WE2 medium containing various concentrations of EGF (0, 2.5 and 10 ng/ml). 
Cells were exposed to DMSO (0.0001-1%) from 2 to 46 hours of culture. Culture 
medium was renewed at 24 hours. [^HJ-Thymidine incorporation into DNA was 
measured over a 2 hours incubation period at 46 hours of culture. Values are the 
mean+SD of 3 separate experiments with 3 replicate cultures per datum point within an 
experiment. Data were analysed by Students' t-test.
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4.3. DISCUSSION
It is a current issue of controversy whether increased cell proliferation is the primary 
mechanism by which non-genotoxic chemicals cause liver cancer. Quantitative 
relationships between cellular proliferation and carcinogenesis responses have not been 
demonstrated and do not support the theory that cell proliferation is the primary 
mechanism involved (Melnick, 1992). However, cell proliferation has long been regarded 
as having a critical role in both the initiation and promotion stages of chemically induced 
cancer. In the initiation stage, cell replication may stimulate the induction of pro-mutagenic 
DNA damage into heritable mutations before repair of altered DNA or by increasing the 
accessibility of the carcinogen to specific targets in the DNA (Cayama et al, 1978; 
Columbano et al, 1981; Pound et al, 1978). In the promotion stage of carcinogenesis, 
enhanced cell division is a stimulus for clonal expansion of initiated hepatocytes (Farber, 
1982). A broader potential role for cell proliferation has generated much interest. That is, a 
chemically-induced sustained response of enhanced DNA synthesis and cellular division 
may lead to pre-neoplasia or neoplasia by causing an increase in the rate of spontaneously 
occurring DNA lesions (Ames and Gold, 1990; Butterworth, 1990).
Appropriate conditions for measurement of DNA synthesis in primary cultures of rat 
hepatocytes have been investigated in this study. EGF in combination with insulin and 
dexamethasone stimulated DNA synthesis with a greater number of hepatocytes 
undergoing S-phase after 48 hours in culture. This is in agreement with other reports 
published previously (Sawada et al, 1987; Yusof and Edwards, 1990).
Under these experimental conditions MP and PB exhibited a similar pattern of stimulation 
of DNA synthesis, suggestive of a similar or related mechanism. PB has been previously 
found to stimulate DNA synthesis in cultured rat hepatocytes (Edwards and Lucas, 1985) 
and human hepatocytes (Parzefall et al, 1991) in semm-ffee medium containing 10 ng/ml 
EGF.
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CA followed a different pattern than MP and PB, stimulating DNA synthesis only when 
added after 2 hours of culture for a 22 hours exposure period. CA has been demonstrated 
to increase hepatocyte replication when given to rats in the diet for 30 days. However, its 
effect on DNA synthesis in vitro had not been studied previously. The genotoxic 
carcinogen AAF inhibited DNA synthesis. The effect of DMSO on DNA synthesis was not 
significant and therefore DMSO (< 1%) could be used as solvent for test chemicals for 
studies of stimulation of DNA synthesis.
The mechanism by which the non-genotoxic chemicals studied induced DNA synthesis 
could be by interacting with the EGF receptors as their effect depended upon the amount 
of EGF present in the culture medium. In the case of MP and PB, even when the 
concentration of EGF was optimal they still stimulated DNA synthesis further, suggesting 
that other mechanisms may be involved in their stimulation of DNA synthesis in cultured 
hepatocytes. It could be speculated that MP and PB bind to EGF and non EGF-receptors 
which would activate the same second messengers responsible for the stimulation of DNA 
synthesis. For example, activation of protein kinase C has been observed in the mitogenic 
response to growth factors, and peroxisome proliferators (Bieri, 1993) and an increase in 
intracellular calcium has been reported to precede cell proliferation (Witman and Cantley, 
1988).
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CHAPTER 5
MITOCHONDRIAL FUNCTION OF HEPATOCYTES
5.1. INTRODUCTION
The purpose of this study was to characterise the effects of MP on mitochondrial 
membrane potential (MMP) and respiratory activity using isolated rat hepatocytes in 
suspension. Numerous studies have described the morphological alterations in 
mitochondria following exposure to MP, but few have examined the effects on 
mitochondrial function (Copple et al, 1992). The effect of MP on respiration was studied 
because some non-genotoxic carcinogens such as Wy-14,643, 2-ethylhexanol, clofibric 
acid, perfluorooctanoate and valproate, have been reported to be uncouplers of oxidative 
phosphorylation (Keller et al, 1992). The effect of MP on cell respiration was assessed by 
measuring oxygen consumption of rat hepatocytes permeabilised with digitonin, using an 
oxygen electrode. To measure the effect of MP on mitochondrial membrane potential 
(MMP) the cells treated with MP were stained with rhodamine 123 (Rhl23) which stain 
active mitochondria only. The intensity of the fluorescence could be measured in individual 
cells using a Video Intensified Fluorescence Microscope. A flow cytometer was used to 
follow the effect of MP on MMP and its toxic effect on cell membrane as seen by cells 
stained with propidium iodide (PI). It was expected to detect whether the effect on MMP 
occurred prior to the death of the cells.
5.2. RESULTS
5.2.1. Flow cytometric analysis
A total of 10,000 cells were analysed for their Hght scattering properties on the FACScan 
cell cytometer. Figure 5.1 is an example of a histogram of forward scatter (arbitrary units 
indicating cell size) versus number of cells. In this case the FACScan cell cytometer was 
programmed so that cell fragments and debris (smaller size) were not counted. The higher 
peak represents the single cell population containing 80 % of the total number of cells and
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the lower peak represents clusters of cells (larger size). The single cell population was 
gated and analysed for fluorescence.
Figures 5.2 and 5.3 are examples of dot-plot charts where the fluorescence on channel 3 
(due to PI) of each particle (in arbitrary units) is represented versus fluorescence (in 
arbitrary units) on channel 1 (due to Rhl23). The three subpopulations obtained (groups 1 
to 3) were separated on the screen with windows and the total number of events, % of 
gated events and X and Y means, in each window are shown at the bottom of the figures. 
The Y value represents the level of Rhl23 staining and therefore the Y-mean value is a 
measure of mitochondrial membrane potential of the cells in each group.
• Group 1: cells with active mitochondria that sequestered Rhl23 and did not stain with 
PI. The percentage of cells in group 1 was an indication of cell viability.
• Group 2: dead cells, which took up PI.
• Group 3: cells with very low mitochondrial activity (minimal Rhl23 staining) and not 
stained with PI.
In Figure 5.2.a. control hepatocytes were incubated at 37 °C for 25 minutes and in 5.2.b. 
for 60 minutes. A small increase in the number of cells in group 2 (dead cells) with time 
was observed. In Figure 5.3 hepatocytes were incubated for a. 45, b. 60 and c. 125 
minutes with 1000 pM MP. The number of dead cells (group 2) was increased with time 
compared to control hepatocytes. It was also observed that the cells in group 1 of figures
5.3.a, 5.3.b and 5.3.c were situated in a lower position with respect to the y axis (Y-mean 
value) than in Figures 5.2.a and 5.2.b, indicating that the level of Rhl23 staining was lower 
and therefore, cells had lower mitochondrial activity.
Figures 5.4 to 5.8 were calculated from the data obtained with the dot-plot charts. The 
mean of three experiments was calculated for the % of gated events in each of the three 
groups and for the y-mean value of group 1.
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There was a concentration and time related decrease in the number of cells with active 
mitochondria following incubation of hepatocytes with MP (0-1000 pM) (Figure 5.4.a). 
The number of cells with active mitochondria (group 1) after a 60 minute incubation with 
KXX) pM MP was significantly reduced from 90% to 68%. 500 pM MP reduced 
significantly the number of cells in group 1 to 60% after 85 minutes and 100 pM MP 
decreased it to 72% at 105 minutes.
When hepatocytes were incubated with MP (O-KXX) pM) there was a dose and time- 
dependent increase in the number of dead cells, which took up PI (group 2) (Figure
5.4.b.). The increase was statistically significant after 45 minutes incubation with 1000 pM 
MP, increasing the number of dead cells fiom 5% (control) to 12%. With 5(X) pM MP 
there was a statistically significant increase fiom 7% to 15% at 60 minutes and with 
1(X) pM MP the increase was statistically significant at 85 minutes (fiom 7% to 12%).
Although the differences were not statistically significant, there was a concentration and 
time-dependent increase produced by KXX) and 500 pM MP in the number of cells with 
veiy low mitochondrial activity that did not take PI (group 3) (Figure 5.5).
Figure 5.6. shows the effect of time and MP treatment on the y-mean value for group 1 
which represents the effect on mitochondrial membrane potential. The effect was dose and 
time-dependent. It was only statistically significant with 1000 pM MP which decreased 
MMP to 89% of control at 60 minutes and to 82% at 125 minutes.
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5.2.2. Video intensified fluorescence microscopy
Rat hepatocytes on glass coverslips were placed at the incubation chamber of the VIFM 
and stained with Rhl23 and Fura-2 and dosed with the test chemical. Three pictures were 
taken at each time point, one at the excitation wavelength for Rhl23 and 2 at the 2 
excitation wavelengths for Fura-2. The fluorescence measurements from these pictures 
were used to calculate mitochondrial membrane potential and concentration of intracellular 
calcium as explained in section 23.6 J .
Figures 5.7, 5.8 and 5.9 are examples of the pictures taken for Rhl23 fluorescence. In 
Figure 5.7, control cells were excited at 450-490 nm and pictures taken from 0 to 60 
minutes of incubation. In Figures 5.8 a, b and c, hepatocytes were treated with 3 mM MP 
for 1, 5 and 40 minutes respectively. Rhl23 fluorescence decreased with time and after 5 
minutes some blebs started to appear (Figure 5.8.b). In Figures 5.9 a, b and c, hepatocytes 
were treated with 10 mM MP for 1, 3 and 5 minutes respectively. Rhl23 fluorescence 
decreased rapidly with time and there were blebs after 1 minute of treatment. The cells in 
the pictures were numbered and the fluorescence of each complete cell in each picture was 
measured and the results calculated as % of control (0 minutes) for mitochondrial 
membrane potential and in nM for intracellular Ca^+. Results are represented in Figures 
5.10 to 5.17.
Rhl23 fluorescence of control hepatocytes (without MP treatment) decreased with time to 
around 50% at 50 minutes (Figure 5.10). The mitochondrial membrane potential after 
treatment with 1 mM MP was increased for the first 5 minutes and then started to decrease 
although it did not decrease as quickly as the MMP of control cells being higher than 75% 
after 50 minutes of treatment (Figure 5.11). 3 mM MP increased MMP of cells number 2, 
4 and 5 above control after 1 minute of treatment (Figure 5.12). There was a time- 
dependent decrease to less than 25% for most of the cells after 50 minutes of treatment 
(Figure 5.12). Treatment with 10 mM MP decreased MMP rapidly being around 50% of 
control after 5 minutes and less than 25% after 30 minutes (Figure 5.13).
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Intracellular Ca^+ levels varied between control cells from 175 to 400 nM (Figure 5.14). 
The level decreased to 35%-75% of time zero values at 60 minutes. After 1 to 3 minutes 
treatment with 1 mM MP there was a rise of 40% to 110% (varying between cells) and 
there was a return to time zero values after 15 minutes (Figure 5.15). Treatment with 3 
mM MP decreased Ca^+ levels 25% during the first 10 minutes and after 30 minutes there 
was a rise to the initial levels for cells 4, 5 and 1 (Figure 5.16). 10 mM MP produced an 
increase of intracellular Ca^+ levels (Figure 5.17). There was a first rise at 1 minute of 2 to 
3 times varying between cells. The levels were stabilised until 15 minutes and started rising 
again to 3-14 times at 40 minutes.
In summary, MP produced stimulation of MMP at low concentrations (1 mM) and at early 
time points (1-5 minutes). 1 mM MP maintained the levels of MMP higher than control 
during the time of the experiment. It also induced a rise of intracellular Ca^+ for the first 3 
minutes of the experiment. Prolonged exposure and higher concentrations (3-10 mM MP) 
produced a toxic effect, inhibiting MMP and inducing cell death with a massive rise in 
intracellular Ca^+ levels.
5.2.3. Effect of methapyrilene on oxygen consumption
The respiration rate of hepatocytes (Table 5.1) without addition of ADP was 8.8x10’^  ng- 
atom 0/min/cell which corresponds to State 4 and after addition of ADP increased to 
29x10"^ ng-atom 0/min/cell (State 3). The addition of ohgomycin inhibited the oxidative 
phosphorylation as expected and the respiration rate was decreased to 9.7x10"^ ng-atom 
0/min/cell.
The addition of MP produced a dose-dependent increase in State 4 respiration rate (Figure 
5.18.a). The effect was statistically significant from 0.166 to 3.3 mM, increasing the 
respiration rate from 1.5 to 3.5 times. On the other hand, when ADP was present (State 3) 
MP did not affect the respiration rate and therefore, the respiratory control rate (State 
3/State 4) was decreased by MP (Table 5.1). This response was similar to the effect of the
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known uncoupler of respiration dinitrophenol, on respiration rate and respiratory control 
rate (Figure 5.18.b and Table 5.1), although the effect of dinitrophenol was at lower 
concentrations. The respiration rate was increased 1.3 times with 0.(X)25 mM 
dinitrophenol and 2.5 times with 0.025 mM and there was no effect on State 3.
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TABLE 5.1. Oxygen consumption of Isolated rat hepatocytes.
Concentration  
OF C hem ica l  (mM)
R espiration  R ate R espira tory  C o n tro l  
R a t e (ST3/ST4)ng-atom O/min/cell
Control 0 8.8x10-5±1.2x10-5 3.28±0.4
Adenosine diphosphate 0.5 29.0x10-5±5.7x10-5*
Methapyrilene 0.0033 9.2x10-5±1.1x10-5 3.51+0.2
0.033 9.7x10-5±0.4x10-5 3.01+0.6
0.166 12.6x10-5±2.4x10-5* 2.21+0.2*
0.33 13.9x10-5±2.6x10-5* 2.12+0.4*
0.66 14.7x10-5» 1.54a
3.3 30.7x10-5±6.3x10-5* 0.95+0.01*
Dinitrophenol 0.0025 11.4xl0-5±0.9xl0-5* 2.57+0.5*
0.0125 17.5x10-5±4.1x10-5* 1.69+0.3*
0.025 22.3x10-5±2.4x10-5* 1.30+0.2*
Oligomycin 5 lig/ml 9.7x10-5» 3.2a
Oxygen consumption was measured with a Claik-type oxygen electrode conected to a polarising unit and a 
chart recorder. Rat hepatocytes w oe suspended in a 3 ml chamber at 37 ®C in a respiration buffer containing 
25 mM Tris-HCl, 10 mM K2HPO4 , 5 mM MgCl2 , 2 mM EDTA, 250 mM sucrose, 10 mM succinate, 0.1 mM 
rotenone and 0.0338 mM digitonin and additions as indicated.
Data are means of 3 separate experiments ± SD except fon  ^ 1 experiment was performed. Data were analysed 
by Student's t-test. * Significantly different from control (p^.05).
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Figure 5.1. Histogram of forward scatter (arbitraiy units indicating cell size) versus 
number of events. The FACScan cell cytometer was programmed so that cell fragments 
and debris (smaller size) were not counted. A total of 10,000 events were analysed. The 
higher peak represents the single cell population containing 80 % of the total number of 
events and the lower peak represents clusters of cells. The single cell population was 
gated (as indicated by dotted lines) to analyse for fluorescence.
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FLUORESCENCE OF HEPATOCYTES STAINED WITH RHODAMINE 123 AND PROPIDIUM 
IODIDE AFTER DIFFERENT INCUBATION TIMES
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Figure 5.2. The population gated on the histogram (Figure 5.1) was analysed for 
fluorescence on the FACScan cell cytometer. This is a dot-plot chart of fluorescence on 
channel 3 (due to PI) of each cell (in arbitrary units) versus fluorescence (in arbitrary 
units) on channel 1 (due to Rhl23). Hepatocytes had been incubated at 37°C for a. 25 and
b. 60 minutes and stained with Rhl23 and PI. Each dot represents one cell.
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EFFECT OF METHAPYRILENE ON FLUORESCENCE OF HEPATOCYTES STAINED WITH 
RHODAMINE 123 AND PROPIDIUM IODIDE
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Figure 5.3. The population gated on the histogram (Figure 5.1) was analysed for 
fluorescence on the FACScan cell cytometer. This is a dot-plot chart of fluorescence on 
channel 3 (due to PI) of each cell (in arbitrary units) versus fluorescence (in arbitraiy 
units) on chaimel 1 (due to Rhl23). Hepatocytes had been incubated at 37®C for a. 45, b. 
60 and c. 125 minutes with 1000 pM MP and stained with Rhl23 and PI. Each dot 
represents one cell.
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EFFECT OF METHAPYRILENE ON \TABILITY OF RAT HEPATOCYTES
a.
Q.
b.
w
D_
100
80
60
40
20
0 20 40 60 80 100 120 140
TIME (MIN)
70
60
50
40
30
20
0 40 6020 80 100 120 140
CONTROL 
 1-----
lOuM MP
 e - —
lOOuM MP 
 ▲-----
SOOuM MP
 s ----
lOOOuM MP
CONTROL
 h----
lOuM MP
lOOuM MP
 A:------
SOOuM MP
 s ----
lOOOuM MP
TIME (MIN)
Figure 5.4. Rat hepatocytes in suspension were incubated at 37 °C from 0 to 125 minutes 
with MP (10-1000 pM) and stained with Rhl23 and PL The stained samples were 
monitored in a FACScan flow cytometer. a. Represents the % of cells with active 
mitochondria that sequestered Rhl23 and did not take up PI (group 1); b. Represents the 
% of non-viable cells which took up PI (group 2).
Results are the mean of 3 experiments.* Significantly different from control at 10 
minutes (p<0.05).
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EFFECT OF METHAPYRILENE ON % OF CELLS WITH LOW
MITOCHONDRIAL MEMBRANE POTENTIAL
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Figure 5.5. Rat hepatocytes in suspension were incubated at 37 °C from 0 to 125 minutes 
with MP (10-1000 pM) and stained with Rhl23 and PI. The stained samples were 
monitored in a FACScan flow cytometer. Data represent the % of cells with very low 
Rhl23 stain (veiy low mitochondrial activity) and not stained with PI (group 3). Results 
are the mean of 3 experiments. Data were analysed by Student’s t-test. Changes were not 
statistically significant.
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EFFECT OF METHAPYRILENE ON MITOCHONDRIAL MEMBRANE
POTENTIAL
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Figure 5.6. Rat hepatocytes in suspension were incubated at 37 °C from 0 to 125 minutes 
with MP (0-1000 jiiM) and stained with Rhl23 and PL The stained samples were 
monitored in a FACScan flow cytometer. Data represent the mean level value of Rhl23 
staining (y-mean on the dot-plot chart) for cells in group 1 calculated as % of control 
(non-treated cells at 10 minutes).
Results are the mean of 3 experiments. * Significantly different from control at 10 
minutes (p<0.05).
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Figure 5.7. Freshly isolated hepatocytes were incubated at 37°C on a glass coverslip, 
stained with 100 pM Rhodamine 123 and excited at 450-490 nm. Pictures were taken at 
0, 10, 20, 30, 40, 50 and 60 minutes (Nos. 401 to 407) using a Video Intensified 
Fluorescence Microscope system.
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Figure 5.8. Freshly isolated hepatocytes were incubated with 3 mM MP at 37 °C  on a 
glass coverslip, stained with 100 pM Rhodamine 123 and excited at 450-490 nm. Pictures 
were taken at a. 1 minute, b. 5 minutes and c. 40 minutes using a Video Intensified 
Fluorescence Microscope system.
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Figure 5.9. Freshly isolated hepatocytes were incubated with 10 mM MP at 37 °C on a 
glass coverslip, stained with 100 pM Rhodamine 123 and excited at 450-490 nm. Pictures 
were taken at a. 1 minute, b. 3 minutes and c. 5 minutes using a Video Intensified 
Fluorescence Microscope system.
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Figure 5.10. Freshly isolated hepatocytes were stained with 100 pM Rhodamine 123 and 
incubated at 37 °C on a glass coverslip over a 50 minutes period. Rhodamine 123 
fluorescence was measured with a Video Intensified Fluorescence Microscope. One 
experiment was performed and 4 single cells were analysed. Control was time 0.
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EFFECT OF 1 mM METHAPYRILENE ON MITOCHONDRIAL MEMBRANE
POTENTIAL
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Figure 5.11. Freshly isolated hepatocytes were stained with 100 pM Rhodamine 123 and 
incubated with 1 mM MP at 37 °C on a glass coverslip over a 50 minutes period. 
Rhodamine 123 fluorescence was analysed with a Video Intensified Fluorescence 
Microscope. One experiment was performed and 5 single cells were analysed. Control 
was time 0.
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EFFECT OF 3 mM METHAPYRILENE ON MITOCHONDRIAL MEMBRANE
POTENTIAL
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Figure 5.12. Freshly isolated hepatocytes were stained with 100 pM Rhodamine 123 and 
incubated with 3 mM MP at 37 °C on a glass coverslip over a 50 minutes period. 
Rhodamine 123 fluorescence was analysed with a Video Intensified Fluorescence 
Microscope. One experiment was performed and 6 single cells were analysed. Control 
was time 0 .
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EFFECT OF 10 mM METHAPYRILENE ON MITOCHONDRIAL MEMBRANE
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Figure 5.13. Freshly isolated hepatocytes were stained with 100 pM Rhodamine 123 and 
incubated with 10 mM MP at 37 °C on a glass coverslip over a 40 minutes period. 
Rhodamine 123 fluorescence was analysed with a Video Intensified Fluorescence 
Microscope. One experiment was performed and 5 single cells were analysed. Control 
was time 0.
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INTRACELLULAR CALCIUM LEVELS IN CONTROL CELLS
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Figure 5.14. Intracellular calcium levels were calculated from measurements of Fura-2 
fluorescence at 340 and 380 nm with a Video Intensified Fluorescence Microscope. 
Freshly isolated hepatocytes were stained with 4 mM Fura-2 and incubated at 37 °C on a 
glass coverslip over a 60 minutes period. One experiment was performed and 4 single 
cells were analysed.
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EFFECT OF 1 mM METHAPYRILENE ON INTRACELLULAR CALCIUM
LEVELS
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Figure 5.15. Intracellular calcium levels were calculated from measurements of Fura-2 
fluorescence at 340 and 380 nm with a Video Intensified Fluorescence Microscope. 
Freshly isolated hepatocytes were stained with 4 mM Fura-2 and incubated with 1 mM 
MP at 37 C on a glass coverslip over a 50 minutes period. One experiment was 
performed and 5 single cells were analysed.
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EFFECT OF 3 mM METHAPYRILENE ON INTRACELLULAR CALCIUM
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igure 5.16. Intracellular calcium levels were calculated from measurements of Fura-2
I  f  nm with a Video Intensified Fluorescence Microscope,
M y  isolated hepatocytes were stained with 4 mM Fura-2 and incubated with 3 mM
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EFFECT OF 10 mM METHAPYRILENE ON INTRACELLULAR CALCIUM
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Figure 5,17. Intracellular calcium levels were calculated from measurements of Fura-2 
fluorescence at 340 and 380 nm with a Video Intensified Fluorescence Microscope. 
Freshly isolated hepatocytes were stained with 4 mM Fura-2 and incubated with 10 mM 
MP at 37 C on a glass coverslip over a 40 minutes period. One experiment was 
performed and 5 single cells were analysed.
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Figure 5.18. Oxygen consumption was measured with a Clark-type oxygen electrode 
conected to a polarising unit and a chart recorder. Rat hepatocytes were suspended in 3 
ml of respiration buffer containing 25 mM Tris-HCl, 10 mM K2HPO4 , 5 mM MgCl2, 2 
mM EDTA, 250 mM sucrose, 10 mM succinate, 0.1 mM rotenone and 0.0338 mM 
digitonin in the electrode chamber at 37 °C. a. MP was added at the concentrations 
indicated, b. DNP was added at the concentrations indicated.
Data are means of 3 separate experiments ± SD. Data were analysed by Student's t-test.
* Significantly different from not treated control (p<0.05).
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5.3. DISCUSSION
5.3.1. Flow cytometric analysis
The results exhibited a dose and time-dependent decrease in viability of rat hepatocytes 
incubated with MP and also a decrease in mitochondrial membrane potential of viable 
cells. The fluorescence intensity of individual mitochondria within a given cell appears to 
be uniform (Darzynkiewicz et al, 1982). Cell-to-cell difference may be a result of either 
different numbers of mitochondria per cell, a difference in MMP or both. Therefore, the 
dose-dependent decrease caused by MP in Rhl23 staining of cells in group 1 and also the 
increase in the number of cells in group 3, which did not stain or stained extremely poorly 
suggest that MP has a detrimental effect on mitochondrial membrane potential. This effect 
was prior to the loss of membrane integrity because the cells in group 1 exhibiting a 
decrease in MMP did not stain with PI. A loss of viability preceded by a decrease in MMP 
has also been reported in the case of the carcinogen N-hydroxy-2-acetylaminofluorene 
(Nagelkerke, et al 1992) and the case of ATP (Zoeteweij, et al 1992).
5.3.2. Video intensified fluorescence microscopy
With the video intensified fluorescence microscope a rise in MMP with 1 mM MP was 
detected during the first 5 minutes of the experiment. This rise could not be detected with 
flow cytometry because the earlier time point measured was 10 minutes. VIFM was more 
sensitive than flow cytometry at detecting a maintenance of a higher MMP with 1 mM MP 
compared to control cells for the length of the experiment.
1 mM MP also induced an increase in intracellular Ca^+ at the same time as the increase in 
MMP. The non-genotoxic hepatocarcinogen nafenopin, has been reported to increase 
intracellular free Ca^+ (Ochsner et al, 1990) of hepatocytes in suspension, being mainly 
Ca^+ mobilised from intracellular stores. It was suggested that this mobilisation may play 
an important role in the tumour promoting activity of nafenopin as intracellular Ca^+ has 
been reported to increase prior to DNA synthesis (Petronijevic and Edwards, 1993). It
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could be speculated that the effect of MP on intracellular Ca^+ may also be involved in the 
previously observed (section 4.2.2) stimulation of DNA synthesis.
The energy requirement for the uptake of Ca^+ by mitochondria is met either ty  
respiration or ATP hydrolysis. Calcium uptake appears to take precedence over oxidative 
phosphorylation, in that ATP synthesis does not occur during calcium accumulation. This 
suggests that the increased concentration of intracellular Ca^+ would induce the uptake of 
Ca^+ by the mitochondria and this could be responsible for the transient increase in 
mitochondrial membrane potential at early time-points with 1 mM MP.
At higher concentrations, MP decreased MMP which could be due to binding of the 
compound to the mitochondrial membrane. It has been reported that MP concentrates in 
the mitochondria after administration to rats (Reznik-Schiiller and Lijinsky, 1981) and that 
induces covalent modifications of specific mitochondrial proteins (Richardson et aU 1994). 
There was an increase in intracellular Ca^+ at the end of the experiment with 3 and 10 mM 
MP due to cell death. This increase in cytosolic Ca^+ has been observed previously after 
exposure to cytotoxic levels of various compounds (Fleckenstein et al, 1983).
5.3.3. Effect of methapyrilene on oxygen consumption
From the results obtained it can be deducted that MP acts as an uncoupler of respiration in 
the same way as dinitrophenol when added to hepatocytes in suspension. The stimulatory 
effect on respiration rate was immediate even with 0.166 mM, which would not affect 
either mitochondrial membrane potential nor viability when studied with the FACScan 
(Figure 5.5) or the VIFM (Section 5.2.2). With the FACScan it was observed that 0.1 mM 
MP decreased significantly MMP only after 105 minutes of incubation.
The only study found in the literature on the effect of MP on mitochondrial respiration was 
carried out by Copple et al (1992). They demonstrated that MP increased State 3 and 
State 4 respiration rates in vivo by utilising isolated mitochondria from MP-treated rats. It
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correlates with the findings in the present study in which MP acted as an uncoupler of 
respiration increasing the respiration rates in vitro.
Keller et al (1990) reported that many peroxisome proliferators (e.g. Wy-14,643, 2- 
ethylhexanol, CA) are uncouplers of oxidative phosphorylation in isolated rat liver 
mitochondria. These compounds accumulate in mitochondrial membranes where they 
uncouple the respiration and interfere with cellular energetics and ion gradients. They 
decrease ATP which is required for ion pumps and could thereby indirectly increase 
intracellular free calcium. In the present study MP acted as an uncoupler which correlates 
with the previous findings that MP accumulates in mitochondria (Reznik-Schiiller and 
Lijinsky, 1981) and it also correlates with the increase in intracellular calcium observed in 
hepatocytes treated with low doses of MP (section 5.2.2).
In conclusion, the effect of MP on mitochondrial function was concentration and time- 
dependent and it could be speculated that it would start by uncoupling the respiratory 
chain, followed by an increase in intracellular Ca^+ and a decrease in mitochondrial 
membrane potential, which ultimately leads to cell death.
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CHAPTER 6 
APOPTOSIS IN HEPATOCYTE CULTURES
6.1. INTRODUCTION
The purpose of this study was to determine whether the non-genotoxic carcinogens MP 
and PB had any effect on the stimulation of apoptosis by TGF-pi in primary cultures of rat 
hepatocytes.
The fluorescent probe Hoechst 33342 was used to stain the DNA of rat hepatocytes in 
culture. It was chosen because it has been reported that apoptotic rat thymocytes fluoresce 
more brightly than normal cells after a brief incubation with this dye; probably due to an 
increase in the permeability of the plasma membrane of apoptotic thymocytes (Sun et al, 
1992; Ormerod et al, 1993). It has also been previously described that apoptotic 
hepatocytes stained with Hoechst 33258 could be identified under a fluorescence 
microscope as those with brightly staining of the condensed chromatin (Bayly et al, 1994).
6.2. RESULTS
6.2.1. Induction of apoptosis on rat hepatocytes cultures
Hepatocyte cultures were examined after staining with Hoechst 33342 with a fluorescence 
microscope to calculate the percentage of cells with chromatin condensation patterns 
typical of apoptosis. Figure 6.1.a showznormal cells with the nucleus uniformly stained and 
Figure 6.1.b show the presence of some apoptotic cells with very bright spots. The number 
of dead cells in the supernatants of 24 and 48 hours cultures were counted to ascertain 
whether there was a correlation between induction of apoptosis and a decrease in survival 
in culture.
There was no difference in the percentage of apoptotic cells when hepatocytes were 
cultured for 48 hours in either WEI (medium containing 10% FCS), WE2 (serum-ffee
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medium containing EGF and hormones) or WE3 (medium containing EGF, hormones and 
10% FCS) (Table 6.1). When TGF-pi was added there was an approximate 2 fold increase 
in the percentage of apoptotic cells compared to untreated controls.
In FCS containing medium (WEI) the number of detached cells was 4-9 times greater than 
in hormones and EGF containing media (WE2 and WE3) (Table 6.1). This correlates with 
the results in section 3.2 which demonstrated that the presence of hormones in the medium 
increases the survival of hepatocytes in culture.
In FCS containing medium (WEI) (Table 6.2), the addition of either 0.5 |iM MP, 5 pM 
MP or 1 mM PB without TGE-P^ did not increase the percentage of apoptotic cells. When 
TGF-Pi was added, 0.5 pM MP decreased the percentage of apoptotic cells to 4.8% (from 
17.6% without MP) and 5 pM MP reduced it from 17.6% (WEI medium with added 
TGF-Pi) to 10.2% (TGF-pi and MP). 1 mM PB had a similar effect on the percentage of 
apoptotic cells to 5 pM MP.
5 pM MP increased the survival of hepatocytes in WEI medium. It decreased the number 
of detached cells, both at 24 and 48 hours, with and without TGF-pi (Table 6.2). On the 
other hand, TGF-pj decreased the survival producing a 2 fold increase in the number of 
dead cells in the supernatants of 24 hours, but not at 48 hours. 1 mM PB on its own 
induced a 1.5 fold increase and together with TGF-pj a 2 fold increase at 24 hours in WEI 
medium cultures (Table 6.2).
In serum-free medium containing hormones and EGF (WE2) (Table 6.3), 5 pM MP 
induced an approximate 2.5 fold increase in the percentage of apoptotic cells. 25 pM MP 
produced necrotic nuclei which were much larger than normal cell nucleus and with fainter 
staining (Figure 6.2). This correlates to cytotoxic concentrations in the NR uptake assay 
data (Figure 3.6). Therefore, the number of apoptotic cells was much lower than in 
untreated controls: 1.9% with 25 pM MP alone and 2.8% with TGF-pj (Table 6.3). One
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single experiment was performed with 1 mM PB which induced a 2 fold increase in the 
number of apoptotic cells. When TGF-Pj was present in the medium MP and PB 
stimulated the induction of apoptosis by TGF-Pj although the results were not statistically 
significant due to experimental variability.
In medium containing FCS, hormones and EGF (WE3) (Table 6.4), MP and PB produced 
a dose dependent increase in the number of apoptotic cells. 0.5 pM MP increased it 2 
times, 5 pM MP and 1 mM PB 2.5 times and 3 mM PB approximately 4 times. 5 pM MP 
had an additive effect with TGF-pi increasing the percentage of apoptotic cells from 
13.5% (TGF-pi) to 21.7% (TGF-Pj and MP). The presence of TGF-pj in the medium did 
not modify the effect of PB on the induction of apoptosis in WE3 medium.
In WE2 (Table 6.3) and WE3 (Table 6.4) media the number of detached cells was too low 
and the standard deviations too high to detect differences between the different cultures. 
25 pM MP produced a 2-2.5 fold increase of detached cells (in WE2 medium), due to 
cytotoxicity (Table 6.3). TGF-pj increased the number of detached cells in WE2 medium 
after 48 hours (Table 6.3).
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TABLE 6.1. Induction of apoptosis by TGF-Px in different culture medium.
CULTURE
MEDIUM
ADDITIONS %  CELLS WITH 
CONDENSED DNA
No. CELLS / Ul OF SUPERNATANT
TGF-B, 2-24 HOURS 24-48 HOURS
WEI 7.8±3.2 26±13 41+33
5ng/ml 17.6±15$ 42±17* 37±23
WE2 _ 8.8±4 8±6* 8±4*
5ng/ml 13.5+11.6 3±1* 17+7*
WE3 _ 6.8±4.9 6±3* 6+1*
5 ng/ml 13.5±4.7$ 7±4* 7+5*
Rat hepatocytes were cultured in WEI for 2 hours and then medium composition was changed to that stated 
above. Medium was renewed at 24 hours. The detached cells in the supernatants after 24 and 48 hours were 
stained with trypan blue and counted. At 48 hours, cultures were fixed, stained with Hoechst 33342 and 
observed with a fluorescence microscope. The percentage of cells with condensed DNA was calculated.
Data are the mean+SD of three separate experiments. Data were analysed by Student's t-test. * Significantly 
different from cells cultured in WEI without TGF-Pj;  ^ significantly different from cells cultured in its 
corresponding medium without TGE-Pj, (p<0.05).
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TABLE 6.2. The effect of MP and PB on the induction of apoptosis by TGF-px in rat
hepatocytes cultured in serum containing medium.
CULTURE
MEDIUM
ADDITIONS % CELLS WITH 
CONDENSED DNA
No. CELLS / p.1 OF SUPERNATANT
TGF-B, CHEMICAL 24 HOURS 48 HOURS
WEI 7.8±3.2 26+13 41±33
0.5 pM MP 11.8+8.8 25+11 36±19
5 pMMP 9.8+0.4 15+4* 12+4*
1 mMPB S.2+3.7 39±14* 57+52
WEI 5 ng/ml 17.6±15* 42±17* 37+23
0.5 pM MP 4.8+1.6* $ & 50+29* 33±18
5 pMMP 10.2±5.7 26+14 16+12*
ImMPB 10.9+2.4* 52±5*$ 38+20
Rat hepatocytes were cultured in WEI for 2 hours and then medium composition was changed to that stated 
above. Medium was renewed at 24 hours. The detached cells in the supernatants after 24 and 48 hours were 
stained with trypan blue and counted. At 48 hours, cultures were fixed, stained with Hoechst 33342 and 
observed with a fluorescence microscope. The percentage of cells with condensed DNA was calculated.
Data are the mean+SD of three separate experiments. Data were analysed by Student’s t-test. * Significantly 
different from cells cultured in without additions; * significantly different from cells cultured in its
corresponding medium without TGF-pj, *  significantly different from cells cultured in its corresponding 
medium without addition of chemical, (p<0.05).
125
TABLE 6.3. The effect of MP and PB on the induction of apoptosis by TGF-Px in rat
hepatocytes cultured in serum-free medium containing EGF and hormones.
CULTURE
MEDIUM
ADDITIONS % CELLS WITH 
CONDENSED DNA
No. CELLS / p.1 OF SUPERNATANT
TGF-Bt CHEMICAL 2-24 HOURS 24-48 HOURS
WE2 _ 8.8+4.0 8+6 8+4
O.SpMMF 9.9±7.2 3±1 8+8
5 pMMP 19.6+13.2* 6±3 3+1*
25pM M P 1.9a 18a 14a
1 mMPB 15.8a 4a 5a
WE2 5 ng/ml 13.5+11.6 3±1 17+7*
0.5 pM MP 18.3+15.4 2±0 11±4
5pM M P 16+10.5 2±0$ 6±4&
25pMM P 2 .8a 21a 21a
ImMPB 17.7a 5a 9a
Rat hepatocytes were cultured in WEI for 2 hours and then medium composition was changed to that stated 
above. Medium was renewed at 24 hours. The detached cells in the supernatants after 24 and 48 hours were 
stained with trypan blue and counted. At 48 hours, cultures were fixed, stained with Hoechst 33342 and 
observed with a fluorescence microscope. The percentage of cells with condensed DNA was calculated.
Data are the meaniSD of three separate experiments except for:  ^one experiment was performed. Data were 
analysed by Student’s t-test. * Significantly different from cells cultured in WE2 without additions; * 
significantly different from cells cultured in its corresponding medium without TGF-Pj, *  significantly 
different from cells cultured in its corresponding medium without addition of chemical, (p<0.05).
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TABLE 6.4. The effect of MP and PB on the induction of apoptosis by TGF-P% in rat
hepatocytes cultured in medium containing FCS, EGF and hormones.
CULTURE
MEDIUM
ADDITIONS % CELLS WITH 
CONDENSED DNA
No. CELLS / p.1 OF SUPERNATANT
TGF-B, CHEMICAL 2-24 HOURS 24-48 HOURS
WE3 6.8±4.9 6+3 6±1
0.5 pM MP 12.0+6.3 5±1 4+1*
5 pMMP 17.0+11.8 4±2 5+2
1 mMPB 17.8+8.7* 9+6 4+1*
3 mMPB 25.4+10.2* 3+1& 5±4
WE3 5 ng/ml 13.5+4.7* 7+4 7+5
0.5 pM MP 12.5+2.3* 2±1*& 7±6
5 pMMP 21.7+8.7 *& 7±1* 5±1
1 mMPB 22.5+12.0* 6+5 7+7
3 mMPB 28.5±12.0* & 8±3* 3±1&
Rat hepatocytes were cultured in WEI for 2 hours and then medium composition was changed to that stated 
above. Medium was renewed at 24 hours. The detached cells in the supernatants after 24 and 48 hours were 
stained with trypan blue and counted. At 48 hours, cultures were fixed, stained with Hoechst 33342 and 
observed with a fluorescence microscope. The percentage of cells with condensed DNA was calculated.
Data are the mean±SD of three separate experiments. Data were analysed by Student’s t-test. * Significantly 
different from cells cultured in WE3 medium without additions, * significantly different from cells cultured in 
its corresponding medium without TGE-Pj, *  significantly different from cells cultured in its corresponding 
medium without addition of chemical (p<0.05).
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b.
Figure 6.1. Rat hepatocytes were cultured on collagen coated coverslips for 2 hours with 
WEI medium and for 46 hours with a. WE2 and b. WE2+TGF-pi. Culture medium was 
renewed at 24 hours and at 48 hours cells were fixed and stained with Hoechst 33342 
(5 jug/ml). Coverslips were mounted on glass slides and examined at a wavelength of 350- 
460 nm. Pictures were taken from a camera attached to a fluorescence microscope 
(x250). Nuclei of normal cells are uniformly stained and apoptotic cells present very 
bright spots (arrows).
Figure 6.2. Rat hepatocytes were cultured on collagen coated coverslips for 2 hours with 
WEI medium and for 46 hours with WE2 containing IGF-Pj and 25 pM MP. Culture 
medium was renewed at 24 hours and at 48 hours cells were fixed and stained with 
Hoechst 33342 (5 pg/ml). Coverslips were mounted on glass slides and examined at a 
wavelength of 350-460 nm. Pictures were taken from a camera attached to a fluorescence 
microscope (x250). Necrotic nuclei were larger than normal cell nucleus and with fainter 
staining (arrows).
6.3. DISCUSSION
Various researchers have stressed the importance of mitogenesis in the induction of 
hepatocarcinogenesis by non-genotoxic carcinogens however, there are few reports on the 
role of suppression of apoptosis (Bursch et al, 1984; Schulte-Hermann et al, 1990; Bayly 
et al, 1994). This study demonstrated that the effect of MP and PB on apoptosis was 
dependent on culture conditions, in particular the presence of serum (WEI) or the addition 
of hormones and EGF (WE2 and WE3). MP and PB did not induce apoptosis in WEI 
medium and in the presence of 5 ng/ml TGF-pj, decreased the percentage of apoptotic 
cells. In contrast, when hepatocytes were cultured in WE2 and WE3, MP and PB induced 
apoptosis.
The results of inhibition of apoptosis by PB in FCS containing medium are in agreement 
with other reports in the literature. Schulte-Hermann et al (1982) reported that during 
tumour promotion induced by PB treatment, a rapid net expansion of altered foci occurs, 
without an increase in cell proliferation due to an induced decrease in apoptosis. Bayly et 
al (1994) reported that the peroxisome proliferator nafenopin decreased the number of 
cells exhibiting chromatin condensation patterns typical of apoptosis in hepatocytes in 
culture at 48 hours in medium containing insulin and hydrocortisone. Nafenopin also 
significantly reduced TGF-pi-induced apoptosis (50-60%). Bayly et al (1994) used a 
serum-free medium without EGF. The absence of EGF could be the reason for the 
difference in the results obtained in the present study with serum-free medium.
In section 4.2.1. it was found that the addition to the culture media of insulin, 
dexamethasone and EGF induced DNA synthesis in hepatocytes, which was maximum at 
48 hours in culture. It was also found that MP and PB stimulated DNA synthesis induced 
by EGF. Therefore, it would appear that MP and PB stimulate cell proliferation and 
programmed cell death at the same time in cultures with EGF containing medium (WE2 
and WE3). This is in agreement with the suggestion of Evans (1993) that multiple 
pathways exist to apoptosis which could be linked to those involved in cell proliferation.
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It could be speculated that MP and PB would activate a pathway which would stimulate 
either DNA synthesis or apoptosis depending on the state of the cell. Therefore, in the 
same culture, some cells would start the cell proliferation cycle while others would start 
programmed cell death. MP and PB would induce cells to activate their programmed cell 
death when they have accumulated a critical amount of injury that cannot be adequately 
repaired under the conditions of the experiment (medium containing hormones and EGF). 
The activation of programmed cell death has been demonstrated by a variety of 
pathological conditions including physical trauma, such as cold shock (Soloff et al, 1987), 
ionising radiation or viruses (Sellins and Cohen, 1987). Iversen (1992) proposed that when 
a carcinogen meets its target cell population, it exerts two effects, cell toxicity and 
transformation of normal cells to potential cancer cells. If the toxicity is too strong, many 
of the transformed cells will die and cannot give rise to cancer. If the toxicity is moderate, 
some of the transformed cells may survive with a growth advantage, but some of them 
may be so injured that they cannot proliferate rapidly. A balance should theoretically exist 
for each carcinogen depending on genetically determined sensitivity that is probably 
different for each carcinogen, each target organ and each individual.
Another hypothesis on the induction of apoptosis in medium containing EGF and 
hormones is that cells are more permeable during active proliferation induced by EGF than 
the cells not in cycle. A preferential effect in dividing cells by carcinogens due to its higher 
permeability was suggested by Melzer in 1980. It has also been reported that programmed 
cell death can be activated in cells in the various parts of the proliferative cell cycle as well 
as in Gq. For example, some agents (e.g. 5-fluorodeoxyuridine) that inhibit the progression 
through the S-phase of the proliferative cell cycle induce programmed cell death 
(Kyprianou and Isaacs, 1989). There are some other chemicals (e.g. alkylating agents, 
mitogenic agents) that damage the DNA of a proliferating cell sufficiently to induce an 
arrest in G2 and programmed cell death (Barry et al, 1990). It could be speculated that 
these agents dissociate the normally integrated cell cycle events and this would lead to 
programmed cell death. In the case of MP and PB they could interfere with the cell
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division process (e.g. spindle formation) and therefore induce the cell to undertake 
apoptosis.
Oberhammer et al (1991) found that TGF-Pj suppressed DNA synthesis in rat hepatocytes 
in culture and it was associated with cell death in cultured hepatocytes. There was an 
increase of dead cells in hematoxylin and eosin stained monolayers and a time lapse 
cinematography revealed an active detachment of the cells from the underlying collagen 
gel. In this study, there was not a clear correlation between the addition of TGF-pj and 
an increase in detachment of cells. Although it was possible to observe an induction of 
apoptosis, the apoptotic cells did not detach from the cultures in most of the cases, at 
the time points studied (24 and 48 hours).
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CHAPTER 7 
EFFECT OF METHAPYRILENE ON INTRACELLULAR CALCIUM, 
ASPARTATE TRANSAMINASE AND TRIGLYCERIDE LEVELS
7.1. INTRODUCTION
The effect of MP on aspartate transaminase (AST), calcium (Ca^+) and triglycerides levels 
in rat hepatocyte cultures was investigated and compared to the effect of PB and ethanol. 
The release of AST was a measure of cytotoxicity. Triglyceride content was measured 
because MP has been reported to impaire hpid metabolism. Schuller et al (1991) reported 
that MP induces lipid peroxidation in rat liver and lype (1985) observed formation of 
lamellar bodies in vitro which resembled phospholipids at the ultrastructural level. 
Intracellular Ca^+ levels were measured after treatment of hepatocyte cultures with MP, 
because it has been reported that intracellular Ca^+ increases occur in cells undergoing 
apoptosis (McConkey et al, 1988) and in cells after stimulation of DNA synthesis (Bieri, 
1993).
Three different media were used: Medium containing EGF (WE2) and without EGF 
(WE2'^^P) were used as they have previously been demonstrated to stimulate DNA 
synthesis (chapter 4). Medium containing FCS (WEI) was utilised to study the effect of a 
medium which does not induce DNA synthesis. 24 and 48 hours were the time-points 
chosen because in previous studies it was observed that the stimulation of DNA synthesis 
by EGF was minimal at 24 hours and maximal at 48 hours (section 4.2.1).
The concentrations of MP used in this study (0.1-25 |iM) were chosen based upon MP 
stimulation of DNA synthesis induced by EGF (0.1-0.5 |liM MP) (section 4.2.2) and higher 
cytotoxic concentrations (NR^o=19.5 jxM). The concentration of PB used (1 mM) 
stimulated DNA synthesis (section 4.2.2). Ethanol was used at cytotoxic and non- 
cytotoxic concentrations over a range of 0.1-5.0 % (V/V). Ethanol has been reported to
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induce apoptosis at lower concentrations and necrosis at higher concentrations in HL-60 
cell cultures (Lennon et al, 1991).
7.2. RESULTS
7.2.1. AST assay
Cellular levels of AST were similar in hepatocytes cultured for 24 hours in medium 
containing FCS (WEI), in growth factor containing medium (WE2) and after treatment 
with MP and PB (Table 7.1).
AST levels in cells cultured for 48 hours in WEI medium were similar to 24 hours. 
However, AST levels after 48 hours in culture with WE2 and WE2'^UF h^d decreased by 
40% compared to 24 hour levels (« 2.35 U/mg protein). A concentration dependent 
decrease in the content of AST following MP treatment was evident but it was not 
statistically significant (Table 7.1). Addition of 1 mM PB did not influence AST levels.
Only one experiment was performed at 48 hours in culture with 0.1, 1 and 5% ethanol, 
which produced an increase in the content of AST being approximately 7 times higher with 
the top dose. It was a statistically significant increase within the experiment.
There was a significantly higher level of AST released into the culture medium when cells 
were cultured in WEI compared to WE2. Extracellular levels were two times higher from 
2 to 24 hours (0.41 U/mg protein) and three times higher from 24 to 48 hours (0.57 U/mg 
protein).
Treatment with 1 mM PB and 0.1 to 10 fxM MP resulted in similar levels of AST to 
control cultures (WE2 medium). There was only a slight decrease with 0.5 and 5 |iM MP 
at 48 hours. 25 |iM MP resulted in a statistically significant increase, approximately two 
times higher than control at both time-points.
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Only one experiment was performed with 0.1 and 1% ethanol and the release of AST to 
the medium was 54% and 63% of control values respectively. These differences were 
statistically significant within the experiment. 5% ethanol produced a 30 times greater 
release of AST compared with control, which was statistically significant within the two 
experiments performed.
7.2.2. Calcium assay
After 24 hours, cells cultured in WEI had a similar intracellular Ca^+ content to cells 
cultured in WE2 (= 0.2 |imol/mg protein). Treatment with MP up to 25 p,M did not 
influence intracellular Ca^+ levels (Table 7.3). There was a statistically significant 
reduction in the content of Ca^+ (69% of control) in 24 hours cultures treated with 1 mM 
PB.
After 48 hours in culture Ca^+ content was reduced 26% in WEI and 60% in WE2 
compared to 24 hours. Ca^+ content in cells cultured in WEI for 48 hours was 
significantly higher (200%) than in cells cultured in WE2 and WE2"^GF (Table 7.3).
10 and 25 |iM MP produced an increase of 56% and 186% respectively, which was not 
statistically significant in the case of 25 p-M MP because of the variability in the results 
between experiments.
1 mM PB, 0.1% and 1% ethanol had no effect on Ca^+ content at 48 hours. 5% ethanol 
induced a high increase (» 18 times) in the content of Ca^+ respect to control which was 
statistically significant.
There was an apparent increase in the release of Ca^+ into the culture medium supernatant 
when cells were cultured in WEI compared to WE2 (Table 7.4). The levels were 0.37 |i, 
mol/mg protein (143% of control) in the supernatant at 24 hours and 1.34 |imol/mg
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protein (208% of control) in the supernatant from 24 to 48 hours. These differences are 
not statistically significant due to the variability of the results between experiments.
0.1, 0.5, 10 and 25 fiM MP did not have a significant effect on Ca^+ release (Table 7.4). 
Treatment with 5 |iM MP and 1 mM PB increased the content of Ca^+ in the supernatant 
at 24 hours by 47% and 34% respectively, compared to control.
The amount of Ca^+ released from 24 to 48 hours was approximately double of the 
amount released during the first 24 hours for WE2 medium and 3.5 times higher for WEI 
medium. The amount of Ca^+ released to the culture medium from 24 to 48 hours was 
similar after treatment with different concentrations of MP (0.1 to 25 |xM). 1 mM PB 
produced a minimal increase (127%) which was not statistically significant (Table 7.4).
There was a concentration-dependent increase with ethanol treatment which was 
statistically significant within one experiment (Table 7.4). 5% ethanol induced a significant 
increase (1436% of control) in the release of Ca^+.
7.2.3. Triglycerides assay
The content of triglycerides in cells after 24 hours in culture was similar after treatment 
with 0.1 to 25 |iM MP and 1 mM PB (Table 7.5).
Cellular content of triglycerides after 48 hours in WE2 culture medium was 0.12 |xmol/mg 
protein. A dose related decrease in triglycerides content was observed after 48 hours in 
culture with MP treatment (0.1 to 25 |xM), which was only statistically significant at the 
top concentration and at 10 |iM MP when results were calculated as percentages of 
control.
0.1% ethanol had no effect on levels of triglycerides at 48 hours in culture. 1% ethanol 
induced a 45% decrease in the content of triglycerides in the only one experiment
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performed being statistically significant within the experiment 5% ethanol induced an 
approximate 2 times increase in the content of triglycerides at 48 hours in culture (Table 
7.5).
The absence of EGF in WE2"^GF cultures resulted in similar results to cultures in WE2. 
Treatment with 10 p,M MP in WE2-^GF induced a decrease in triglycerides content of 
40%.
The levels of triglycerides released into the supernatant were not detectable with the 
method used.
7.2.4. Total cell protein
The amount of cellular protein was lower in cultures maintained in WEI medium: 1.3 
times lower at 24 hours and 2 times lower at 48 hours, compared to cultures in WE2 
medium (Table 7.6).
The amount of total cellular protein at 24 and 48 hours in WE2 medium was the same 
(0.21 mg protein/well). Treatment with MP (0.1 to 25 |xM) and PB (1 mM) had no effect 
except in the case of 25 p.M which reduced cellular protein to 76% of control after 48 
hours in culture. 0.1% and 1% ethanol had no effect on cellular protein. 5% ethanol 
decreased cellular protein levels by 10 fold. The presence or absence of EGF in the 
medium did not affect total cellular protein levels.
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TABLE 7.6. Total cell protein in rat hepatocyte cultures.
24 hours® 48 hoursP
C u l t u r e  M e d iu m C h e m ic a l C o n c e n t r a t io n mg protein/well mg protein/well
WEI - - 0.1610.04* 0.1110.03*
WE2 (C o n t r o l ) - - 0.2110.06 0.2110.04
WE2 MP 0.1 nM 0.2110.05 0.2010.06
WE2 MP 0.5 |liM 0.2210.05 0.2010.03
WE2 MP 5.0 jLtM 0.2110.03 0.2210.04
WE2 MP 10 pM 0.1910.02 0.2110.04
WE2 MP 25piM 0.1910.06 0.1610.05*
WE2 PB 1.0 mM 0 . 2210 . 06a 0.1910.05%
WE2 Ethanol 0.1% ND 0.16C
WE2 Ethanol 1% ND 0.14C
WE2 Ethanol 5% ND 0.02b*
WE2-EGF - - ND 0.1910.05
WE2-EGF MP 0.1 piM ND 0.1910.04%
WE2-EGF MP 0.5 |liM ND 0.1810.05%
WE2-EGF MP 10 nM ND 0.1810.05%
Rat hepatocytes were cultured in WEI for 2 hours and then medium composition was changed to that stated 
above. Cells were homogenised at ^ 24 hours and P 48 hours and cell protein was solubilized in 0.5 M 
NaOH and determined using the BIORAD assay.
Data were means o f 4 separate experiments ±  SD and 3 replicate cultures were prepared for each data point 
within experiment. Except for;  ^ 3 experiments were performed; 1* 2 experiments were performed;  ^ one 
experiment was performed. Data were analysed by Student's t-test. * Significantly different fi-om WE2 
(p<0.05). WE2"^^  ^was WE2 medium without EGF. WE2 was considered as the control medium. ND = not 
determined.
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7.3. DISCUSSION
7.3.1. AST assay
AST cell content was maintained higher with time in hepatocytes cultured in PCS 
containing medium (WEI) compared to WE2 medium despite that there was more release 
from the cells with WEI medium. This could be due to an increased AST synthesis 
induced by PCS. 5 % ethanol also induced an increase in the content and the release of 
AST suggesting a stimulation of AST synthesis.
In section 3.2.2 a decrease of the survival in culture was observed when hepatocytes were 
cultured in WEI. However, it was not decreased in cultures with WE2 medium with added 
PCS, implicating that the decreased survival was not due to PCS cytotoxicity. These 
results support the conclusion that the increased relese of AST was due to increased AST 
synthesis rather than to cytotoxicity.
The cytotoxicity of MP has been studied previously (section 3.2.3) for which a NR50 = 
19.5 p,M was found. The high AST release with 25 i^M MP was due to cytotoxicity. The 
dose-dependent decrease in AST content after MP treatment could be caused by the 
observed increased leakage from the cells.
7.3.2. Calcium assay
A change in Ca^+ cell content was expected after stimulation of DNA synthesis by EGP 
(WE2 medium) because it has been reported that a mitogenic response to growth factors is 
mediated by signal transduction pathways involving increased intracellular free Ca^+ levels, 
activation of sodium/hydrogen exchange, stimulation of phosphatidylinositol turnover, 
activation of protein kinase C and increased transcription of several cellular proto­
oncogenes (Witman and Candey, 1988; Bieri, 1993). Purthermore, the earliest detectable 
change in hepatocytes undergoing apoptosis was a rapid and sustained increase in 
intracellular Ca^+ concentrations (McConkey et al, 1988).
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0.5 |XM MP and 1 mM PB are the concentrations that have been found to stimulate DNA 
synthesis induced by EGF in the conditions of our experiment (section 4.2.2). It has also 
been found that 1 mM PB and 5 p.M MP increased the number of apoptotic bodies in 
culture with WE2 medium (section 6.2.1). Intracellular Ca^+ levels were decreased at 24 
hours after treatment with 0.1 to 5 p,M MP and 1 mM PB whereas the release of Ca^+ to 
the medium during the first 24 hours in culture was higher compared to controls. After 48 
hours intracellular and released Ca^+ returned to control levels. Therefore, it could be 
speculated that the increased release of Ca^+ and the subsequent lower Ca^+ cell content 
at 24 hours of culture was due to the induction of a signal transduction pathway that 
would induce either DNA synthesis or apoptosis depending on the need of the cell.
After 48 hours in culture there was an increased content in Ca^+ with WEI, treatment with 
10 p,M MP, 25 p,M MP and 5% ethanol and also an increase in the release of Ca^+ with 
WEI medium and with 5% ethanol that could be due to cytotoxicity. It has been reported 
previously that cells contain high levels of Ca^+ after exposure to many toxic compounds 
(Fleckenstein et al, 1983). An early event in a cell undergoing necrosis is an increase in 
free cytosolic Ca "^b which results in activation of membrane-bound phospholipases, which 
degrade membrane phospholipids and cause widespread disruption of membranes. The 
release of hydrolases from ruptured lysosomes causes a rapid acceleration of cellular 
disintegration in late stages of necrosis. The high levels of Ca^+ also induce a permeability 
transition of the inner mitochondrial membrane, leading to loss of mitochondrial function 
and, ultimately, cell death (Carbonera and Azzone, 1988; Erdahl et al, 1991). This 
correlates with the results obtained with the VIFM (section 5.2.2) in which Ca^+ content 
was measured in single cells and it was found that there was a massive intracellular Ca^+ 
increase at the end of the experiment (40 minutes) with cytotoxic concentrations of MP.
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7.3.3. Triglycerides assay
The effect of MP on triglyceride content was investigated because MP has been reported 
to affect lipid metabolism. lype et al (1985) observed that epithelial liver cells treated with 
MP revealed a large number of cytoplasmic granules (lamellar bodies) in the perinuclear 
area. These granules were stainable with the lipid stains, Sudan Black B and Oil Red O. 
The appearance of lamellar bodies soon after MP treatment indicates that this may be due 
to a direct perturbance of normal lipid metabolism rather than as a result of genetic 
expression. Hypolipidemic agents such as clofibrate and Wy-14643 did not induce this 
change. This cellular response appears to be specific only for histamine Hj receptor 
antagonists (MP, methaphenilene, diphenhydramine) since it was not induced by 
cimetidine, an H2 receptor blocker (lype et al, 1985).
MP produced a dose-dependent decrease in triglyceride content after 48 hours in culture 
and the fact that 5% ethanol did not produce a decrease would indicate that the effect of 
MP is direct on lipid metabolism and is not due to cytotoxicity.
7.3.4. Total Cell protein
There was a decrease in the survival of hepatocytes in culture after 24 and 48 hours in 
WEI as it has been observed previously (section 3.2.2). 48 hours after treatment with 25 pM 
MP and 5% ethanol the survival is decreased due to cytotoxicity.
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CHAPTER 8 
CRYOPRESERVATION OF HEPATOCYTES
8.1. INTRODUCTION
As continuation of the research carried out previously in this laboratory on methods of 
cryopreserving hepatocytes, the influence of cooling rates and cryopreservation medium 
on viability and function of cryopreserved cells immediately after thawing and in 
subsequent culture was studied. Furthermore, the cytotoxicity of MP and PB was 
measured using cryopreserved hepatocytes and compared to that using freshly isolated 
cells. Mitochondrial membrane potential of cryopreserved hepatocytes was studied with a 
flow cytometer after staining of the cells with Rhl23 and cell respiration was assessed with 
and oxygen electrode.
8.2. RESULTS
8.2.1. Attachment and survival of cryopreserved hepatocytes
Hepatocyte attachment was assessed by measurement of total cellular protein of cultures at 
various time points for freshly isolated hepatocytes and for hepatocytes cryopreserved 
using the control freezing method. Viability of hepatocytes (Trypan Blue method) before 
plating was >75% for freshly isolated hepatocytes and it was reduced aproximately 25% 
after cryopreservation.
Cellular protein indicated that maximal attachment of hepatocytes occurred between 2 and 
4 hours and that at 30 minutes the majority of hepatocytes were already attached (Figure 
8.1). No differences were observed in attachment of cryopreserved and freshly isolated 
hepatocytes.
Cryopreserved hepatocytes exhibited a decreased NR uptake after 48 hours in culture (60- 
65%) relative to freshly isolated hepatocytes (Figure 8.2). This was irrespective of the time
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of the first medium change and of the substratum type. NR uptake after 48 hours in culture 
of freshly isolated hepatocytes was reduced by 20% and that of cryopreserved cells by 
32% using non-collagen coated plates compared to collagen coated plates. A 22 hours 
attachment time period was considered too long as NR uptake at 48 hours in culture was 
decreased compared to the uptake when the attachment periods were shorter (Figure 8.2).
SJ2.2. Effect of cold shock
Cell viability after hepatocyte isolation was 70±17.2% and this did not significantly 
decrease after lowering the temperature without fizzing. Survival in culture for 48 hours 
as measured using NR uptake was also similar for freshly prepared cultures and cold shock 
treated cells (Table 8.1).
8.2 J . Comparison of freezing methods
Cell viability after hepatocyte isolation was 86+3.5%. The control fieezing method 
(method 1) decreased viability to 56±7.4% (Table 8.2). However, NR uptake after 48 
hours in culture was comparable to control levels indicating a similar survival rate of these 
cells to freshly prepared cultures.
Method 2 (slower cooling rate compared to method 1 and faster compared to methods 3 
and 4) decreased viability to 62% and NR uptake to 34% of control. After method 3 
viability decreased to 46% and NR uptake to 9% of control.
After lowering the temperature to -20 °C at -1 °C/min and holding the temperature at 
-20 °C for one hour (method 4) there was no decrease in viability however, NR uptake at 
48 hours in culture was decreased to 22% of control. This illustrates that viability by TB is 
not a eood indicative of subsequent survival in culture.
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8.2.4. Comparison of freezing media
Omission of DMSG or 1% in the cryopreservation medium decreased the cellular viability 
after thawing to less than 4% (Table 8.3). Hepatocyte viability was 39% and 36% for L-15 
or WEI respectively, containing 5% DMSG. Optimal viability was obtained with 10% and 
15% DMSG added to either L-15 or WEI (48-59%). 20% DMSG decreased viability 
slightly for L-15 medium and WEI medium compared to that containing 15% DMSG.
NR uptake after 24 hours in culture was greater for hepatocytes cryopreserved in L-15 or 
WEI containing 10% DMSG. Concentrations less than 5% DMSG gave a NR uptake 
significantly lower than 10%. 5% DMSG decreased NR uptake to around 10% of the 
uptake obtained with 10% DMSG. 20% DMSG added to L-15 decreased NR uptake to 
25% of the uptake obtained with 10% DMSG and 20% DMSG added to WEI decreased 
it to 60% although the difference is not statistically significant. When semm-jfree medium 
was used (WE and WE2) with 10% DMSG added, NR uptake was lower than with serum 
containing medium (WEI) although the results are not statistically significant due to the 
variability between experiments.
8.2.5. Comparison of cooling rates
Cell viability after freezing rat hepatocytes using a KRYG-10 fi-eezer at various cooling 
rates was not significantly different from the viability with the control fi-eezing method 
(Table 8.4). A slow freezing rate (method 5) significantly decreased hepatocyte survival, 
NR uptake was 42% that of control freezing method after 48 hours in culture, which was 
not reflected by viability after thawing. NR uptake of methods 6 (-10 °C/min) and 7 
(-50 °C/min) was comparable to the control method (-35 °C/min). A faster cooling rate of 
-100 °C/min (method 8) slightly decreased NR uptake (84% of control).
8.2.6. Stimulation of DNA synthesis
The stimulation of DNA synthesis by EGF was investigated using hepatocytes 
cryopreserved with the control freezing method and compared with the results obtained in
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section 4.2.1. with freshly isolated hepatocytes. Figure 8.3 shovs the time course 
stimulation of DNA synthesis by EGF for freshly isolated and cryopreserved hepatocytes. 
The maximum stimulation occurred at 48 hours and the level of stimulation was similar for 
freshly isolated and cryopreserved cells.
8.2.7. Multistep protocols
Multistep protocols were used to investigate the effect of the release of latent heat of 
fusion on hepatocyte function and survival in culture. The changes in temperature inside 
the cell suspension as well as inside the freezing chamber of the KRYG-10 freezer were 
monitored for the different protocols employed and are shown in Figures 8.4 to 8.9.
In method 9 a slow cooling rate was used to identify the point at which release of latent 
heat of fusion occurs (Figure 8.4). Ice nucléation started at -6 °C as identified by a slower 
decrease in temperature inside the cell suspension (nucléation plateau). In method 10 
(Figure 8.5) the rate of cooling inside the cell suspension was similar to the control 
freezing method (-10 °C/min). In methods 10, 11, 12, 13, and 14 a rapid cooling rate was 
used to lower the temperature below -6 °C to reduce the latent heat of fusion and the ice 
nucléation plateau. In methods 11 and 12 the influence of the cooling rate in the period 
after the release of heat of fusion had taken place (below -6 °C) was investigated. In 
method 11 (Figure 8.6) a fast cooling rate was used and in method 12 (Figure 8.7) a slow 
cooling rate was used. In method 13 (Figure 8.8) the maximum cooling rate of the 
programmable freezer was used, which corresponded to a cooling rate in the freezing 
chamber of -106 °C/min. In method 14 (described in section 2.3.10.5) the cooling rate was 
not measurable but probably faster than -100 °C/min. In method 15 (Figure 8.9) a slow 
cooling rate was used in order to investigate the effect of the release of heat of fusion at 
-6 °C after which the cooling rate was increased.
After cryopreservation and Percoll separation of non-viable cells, the viability and yield of 
viable cells were measured. Survival in culture for 48 hours was assessed with the
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measurement of Neutral Red uptake and total protein content. The stimulation of DNA 
synthesis by EGF was used as a parameter for assessing hepatocyte function after 48 hours 
in culture. Results are shown in Table 8.5. In all cases the viability of hepatocytes was 
similar to the control freezing method as it was measured after Percoll separation of non- 
viable cells. The yield of viable cells was significantly decreased in methods 9 and 15 in 
which slow cooling rates were employed during the release of heat of fusion. Methods 9 
and 15 also resulted in significant lower values than the other methods for thymidine 
incorporation, NR uptake and total protein.
The attachment of hepatocytes in culture as determined by protein content after methods 
10, 11 and 12 was slightly lower than in the control method although the results were 
similar for NR uptake. Thymidine incorporation was higher in cells frozen with methods 
10 and 11 compared to control. Methods 13 and 14 gave similar results to the control 
method.
8.2.8. Cytotoxicity of MP and PB in cultures of cryopreserved hepatocytes
The cytotoxicity of MP and PB was assessed using NR uptake after cryopreservation of 
hepatocytes by the control freezing method. Dose-response curves are represented in 
Figures 8.10 and 8.11 and NR50 values are shown in Table 8.6.
Cryopreserved hepatocytes were more sensitive to the toxic effect of MP than fresh 
hepatocytes. NR50 for cryopreserved cells was 18.5% that of freshly isolated hepatocytes 
when cultures were exposed to MP from 24 to 48 hours and 61.5% when exposed from 2 
to 48 hours. From 2 to 48 hours cryopreserved hepatocytes were slightly more sensitive to 
the effect of PB than fresh hepatocytes although the difference was not statistically 
significant.
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8.2.9. Mitochondrial activity of cryopreserved hepatocytes
Rat hepatocytes cryopreserved with the control freezing method were analysed for 
mitochondrial membrane potential and viability with the FACScan cell cytometer. Cells 
were stained with Rhl23 and PI. Rhl23 binds to mitochondria of living cells and the 
uptake of Rhl23 reflects the mitochondrial membrane potential. PI will stain only DNA of 
dead cells.
After cryopreservation hepatocytes were incubated at 37 °C and analyzed at several time 
points (from 10 to 125 minutes). Figure 8.12 is an example of a dot-plot chart of 
hepatocytes after cryopreservation and incubation at 37 °C for 25 minutes. The number of 
cryopreserved cells stained with Rhl23 (window 1) was significantly decreased compared 
to freshly isolated cells (Figure 5.2.a, Section 5.2.1). However, y-mean values were very 
similar (538 for freshly prepared cells and 535 for cryopreserved cells); meaning that the 
cryopreserved cells represented in window 1 have similar mitochondrial membrane 
potential to freshly isolated cells. The number of cells in window 2 (dead cells stained with 
PI) and window 3 (cells with low Rhl23 staining but not dead) was significantly increased 
after cryopreservation of hepatocytes.
Figures 8.13 and 8.14 were calculated from the data obtained with the dot-plot charts. The 
mean of three experiments was calculated for the % of gated events in each of the three 
groups and for the y-mean value of group 1. The percentage of cells with active 
mitochondria (group 1) decreased with time and the decrease was greater than in freshly 
isolated cells (Figure 8.13.a). At 125 minutes the percentage of freshly isolated cells in 
group 1 was 89% and that of cryopreserved cells was 66%. On the other hand, there was 
no difference between mitochondrial membrane potential of cryopreserved cells in group 1 
and of freshly isolated cells in group 1 (Figure 8.13.b) based on the mean value of Rhl23 
staining.
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There was an increase in the number of cryopreserved cells stained with PI (group 2) that 
was statistically significant at 85 minutes compared to freshly isolated cells (Figure 8.14.a). 
The percentage of cryopreserved hepatocytes with low mitochondrial activity (group 3) 
increased earlier (25 minutes) compared to the increase in cells in group 2 (85 minutes) 
(Figure 8.14.b).
8.2.10. Oxygen consumption of cryopreserved hepatocytes
The respiration function of cryopreserved hepatocytes (control freezing method) was 
studied with a Clark-type oxygen electrode. It was found that State 4 respiration rate of 
cryopreserved cells was not statistically significantly different from the rate of freshly 
isolated hepatocytes. However, when ADP was added, although there was an increase in 
respiration rate, this was significantly lower than the increase observed with fresh 
hepatocytes (Table 8.7). ADP increased respiration rate of cryopreserved hepatocytes 2.3 
times, 0.33 mM MP 1.5 times and 0.025 mM dinitrophenol 2 times. MP and dinitrophenol 
produced a statistically significant increase although the increase produced by 
dinitrophenol was significantly lower than the increase produced in freshly isolated 
hepatocytes. The respiratory control rate produced by MP was significantly lower for 
cryopreserved hepatocytes than for freshly isolated cells.
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TABLE 8.1. Cold shock.
Neutral  Red  A ssay Trypan  Blu e  M ethod
Absorbance % Control Viability {%) % Control
Control 0.68+0.12 100 70+17 100
Method A 0.66if).16 97 62118 88
Method B 0.66+0.16 96 62111 88
Method C 0.6910.15 101 67112 95
Iml aliquots of 1x10^ viable hepatocytes per ml in freezing medium (WE1+10%DMSO) were submitted to 
cold shock at different rates using a KRYO-10 freezer:
Method A: temperature in the freezing chamber lowered from 4 ®C to -20 °C at -50 °C/min and held at 
-20 °C for 2 min.
Method B; from 4 °C to -20 °C at -10 °C/min and held at -20 °C for 2 min.
Method C: from 4 ®C to -20 °C at -1 °C/min and held at -20 °C for 2 min.
Control data were for freshly isolated rat hepatocytes.
Viability was assessed immediately following thawing and 2x10^  ^viable cells/well were seeded on collagen 
coated 96-well plates for NR uptake measurement after 48 hours in culture.
Data were the meaniSD of three separate experiments with 4 replicate cultures per treatment group within 
each experiment. Data analysed by paired Student's t-test were not significantly different from control.
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TABLE 8.2. Comparison of freezing methods.
Neutral  Red  Assay T rypan  Blue  M ethod
Absorbance % Control Viability
Control 0.48+0.21 100 86+3
Method 1 0.51+0.15 105 56+7*
Method 2 0.17+0.05* 34 62+10*
Method 3 0.05+0.03* 9 46+15*
Method 4 0.11+0.07* 22 84+5
1 ml aliquots of 3x10^ viable cells/ml were frozen in WE1+10%DMSO following different methods: 
Method 1:1 hour in the nitrogen dewar's neck and transferred into liquid nitrogen vapour phase.
Method 2: 1 hour in a -20 ®C freezer,1 hour at the nitrogen dewar's neck and transferred into liquid 
nitrogen vapour phase.
Method 3: using the KRYO-10 freezer the temperature in the freezing chamber was lowered: 
from 4 °C to -20 °C at-1 °C/min 
held at -20 °C for 1 hour 
from -20 °C to -40 °C at -0.5 °C/min 
from -40 ®C to -80 °C at -5 ®C/min 
held at -80 °C for 1 hour
samples transferred to the liquid nitrogen dewar's neck for 1 hour 
into liquid nitrogen vapour phase.
Method 4: using the KRYO-10 freezer: 
from 4 ®C to -20 °C at -1 °C/min 
held at -20 °C for 1 hour
samples transferred into liquid nitrogen vapour phase.
Control: freshly isolated rat hepatocytes.
Viability was measured immediately after thawing and 2x10^  ^viable cells per ml were seeded on collagen 
coated 96-well plates for NR uptake assessment after 48 hours in culture.
Data were the meaniSD of three separate experiments with 4 replicates per treatment group within each 
experiment *Significantly different from control value (p<0.05).
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TABLE 8.3. Comparison of freezing media.
Neutral Red Uptake Trypan Blue
Freezing Medium DMSO content Absorbance Viability (%)
L-15 - 0* 0.4+0.6*
L-15 1% 0* 4±2*
L-15 5% 0.02±0.01* 39±7*
L-15 10% 0.24±0.20 55+7
L-15 15% 0.18±0.17 59±7
L-15 20% 0.06±0.04* 48±9
WEI - 0* 0*
WEI 1% 0* 5±2*
WEI 5% 0.03+0.02* 36+16*
WEI 10% (control) 0.24+0.15 59±4
WEI 15% 0.17+0.11 48±15
WEI 20% 0.14±0.07 38±12*
WE 10% 0.17 41
WE2 10% 0.11 42
1 ml aliquots of 3x10^ rat hepatocytes were frozen using the control freezing method in various 
cryopreservation media and after thawing viability was measured. 2 x 1 0^ cells/well were cultured on 
collagen coated 96-well plates for NR uptake assessment after 24 hours in culture.
Viability of freshly isolated cells was 81±3.3. Data were the meaniSD of three separate experiments with 4 
replicate cultures per datum point within each experiment. WE+10%DMSO and WE2+10%DMSO data 
were the mean of two experiments. *Significantly different from WE1+10%DMSO value (p<0.05).
WE: Williams' medium E containing 2 mM L-glutamine and 100 pg/ml kanamycin.
WEI: WE containing 10% PCS.
WE2: WE containing 10 |ig/ml insulin, 10’  ^M dexamethasone and 2.5 ng/ml EGF.
L-15: Leibovitz medium containing 100 pg/ml kanamycin and 10% PCS.
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TABLE 8.4. Comparison of cooling rates.
Neutral Red Assay Trypan Blue 
Method
Absorbance % Control Viability
Control 0.63+0.15 100 62+14
Method 5 0.27+0.15* 42 61+16
Method 6 0.61+0.10 98 54+13
METHOD? 0.63+0.08 103 58+19
Method 8 0.62+0.08 84 65+10
1 ml aliquots of 3x10^ viable hepatocytes per ml in freezing medium (WE1+10%DMSO) were frozen at 
various rates using a KRYO-10 programmable freezer:
Method 5: Temperature in the freezing chamber was lowered: 
from 4 °C to -10 ®C at -10 °C/min 
from -10 to -40 °C at -1 °C/min 
held 2 min at -40 °C
samples transferred into liquid nitrogen vapour phase.
Method 6 :
from 4 °C to -40 °C at -10 °C/min 
held 2 min at -40 °C
samples transferred into liquid nitrogen vapour phase.
Vfethod 7:
from 4 ®C to -50 °C at -50 ®C/min 
held 2 min at -50 ®C
samples transferred into liquid nitrogen vapour phase.
Vfethod 8 :
from 4 °C to -100 °C at -100 T /m in  
held 2  min at - 1 0 0
samples transferred into liquid nitrogen v^our phase.
Control: 1 hour in the nitrogen dewar's neck and transferred into liquid nitrogen vapour phase.
Viability was measured immediately following thawing and 2x10^ viable cells/well were seeded on 
collagen coated 96-well plates for NR uptake assessment at 48 hours in culture.
Data were the meaniSD of three separate experiments with 4 replicate cultures within each individual 
experiment *Significantly different from control value (p<0.05).
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Table 8.5. Rat hepatocyte viability, function and survival in culture after 
cryopreservation.
Freezing
method®
Thymidine
incorporationh
NR uptake*) Total protein b Trypan Blue 
Viability^
Yield of viable 
celIsC
Control 100+13 100+7 100+10 100+24 100+49
Method 9 76+35* 23+17* 32+19* 94+11 63+28*
Method 10 114+15* 101+5 88+15* 96+10 100+35
Method 11 120+13* 91+8 85+11* 98+13 100+32
Method 12 106+28 94+8 86+14* 98+11 112+28
Method 13 125+38 134+63 96+39 106+1 130+63
Method 14 113+34 124+43 112+34 97+11 105+57
Method 15 61+12* 52+15* 62+12* 103+12 51+4*
Results are given as % of control method and are the mean ± SD of at least 3 separate experiments with 3 
replicate cultures for each individual experiment.
* Significantly different from control method (p<0.05).
% Freezing methods are described in Figures 8.4 to 8.9.
b Neutral Red uptake, thymidine incorporation and total protein were measured after cryopreservation and 
subsequent culture of rat hepatocytes for 48 hours.
 ^Viability and yield of viable cells were measured immediately after thawing.
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Table 8.6. NRgg values for MP and PB using cultures of freshly isolated and 
cryopreserved hepatocytes.
Exposure period
Test chemical 24-48 hours 2-48 hours
Fresh hepatocytes mM mM
MP 0.97+0.15 0.02+0.02
PB 6.87+0.4 5.17:fcO.46
Cryopreserved
hepatocytes
mM % of fresh 
hepatocytes
mM % of fresh 
hepatocytes
MP 0.18+0.11* 18.5 0.012+0.006 61.5
PB 6.9+0.27 100.0 4.6+0.16 88.5
NR5 Q values represent the mean+SD of values calculated from at least three separate experiments with 4 
replicate cultures per datum point within each experiment. * Significantly different from freshly isolated 
value (p<0.05).
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TABLE 8.7. Oxygen consumption by freshly isolated and cryopreserved rat hepatocytes.
Co ncentration R espiration  Rate R espiratory  C o n tro l
OF C h em ica l  (mM) ng-atom O/min/cell R a t e (ST3/ST4)
Freshly isolated hepatocytes
Control 0 8.8x10-5±1.2x10-5 3.28+0.4
Adenosine diphosphate 0.5 29.0x10-5±5.7x10-5*
Methapyrilene 0.33 13.9xlO-5±2.6xlO-5* 2.12+0.4*
Dinitrophenol 0.025 22.3xl0-S±2.4xl0-5* 1.30+0.2*
Cryopreserved hepatocytes
Control 0 7.8x10-5±0.07x10-5 2.29+0.7®
Adenosine diphosphate 0.5 17.8xlO-5±5.5xlO-5»a
Methapyrilene 0.33 11.5xlO-5±1.2xlO-5* 1.53+0.3*®
Dinitrophenol 0.025 15.1xlO-5±2.3xlO-5*a 1.18+0.3*
Oxygen consumption was measured with a Clark-type oxygen electrode conected to a polarising unit and a 
chart recorder. Freshly isolated and cryopreserved (control freezing method) rat hepatocytes w o e suspended in 
a 3 ml chamber at 37 ®C in a respiration buffer containing 25 mM Tris-HCl, 10 mM K2HPO4 , 5 mM MgCl2 , 2 
mM EDTA, 250 mM sucrose, 10 mM succinate, 0.1 mM rotenone and 0.0338 mM digitonin and additions as 
indicated.
Data were the mean of 3 separate experiments ±  SD. Data w oe analysed by Student's t-tesL * Significantly 
different from respective control (p^.05). ® Significantly different from respective freshly isolated hepatocyte 
data.
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Total cellular protein
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Figure 8.1. Freshly isolated ■ ■  and cryopreserved rat hepatocytes (control 
method) mm^ were seeded on collagen coated 96-well plates in WEI medium. 
After various times, cultures were washed and cellular protein was measured. Data were 
the mean ± SD of 3 experiments utilising 3 replicate cultures per treatment group. Data 
were expressed as a. % control (30 minutes attachment time) and b. protein concentration 
(pg/ml). * Significantly different from corresponding (i.e. fresh or frozen) 30 minutes 
attachment time (p<0.05).
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sa. Neutral Red Uptake 
using Collagen Coated Plates
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Figure 8.2. Freshly isolated and cryopreserved rat hepatocytes (control
method) i I were seeded on a. collagen and b. non-collagen coated 96-well 
plastic plates in WEI attachment medium. After various attachment times, the medium 
was changed to WE2 and NR uptake was measured at 48 hours of culture. Data were the 
mean ± SD of 3 experiments with 4 replicate cultures per treatment group. * Significantly 
different from corresponding (i.e. fresh or frozen) 1 hour attachment time (p<0.05).
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[3H]-THYMIDINE in c o r p o r a t io n  in  c u l t u r e s  o f  r a t  HEPATOCYTES
a .  Cultures prepared from freshly isolated hepatocytes
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Figure 8.3. Rat hepatocytes were incubated for 2 hours in WEI medium and then, the 
medium was changed to ■ WE2 and x WE2 medium containing 10 mM hydroxyurea. 
[3H]-Thymidine incorporation into DNA was measured over a 2 hours incubation period 
at different time points after initiation of culture. Data are the mean ± SD of 3 separate 
experiments with 3 replicate cultures per datum point within an experiment. 
* Significantly different from value at 24 hours (p<0.05).
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METHOD 9
From 4 °C to -90 °C at -1 °C/min
20
0
-20
-40
-60
-80
-100 100806040200
time (min)
Temperature at the centre of the cell suspension. 
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Figure 8.4. Rat hepatocytes were aliquoted at 3x106 viable cells/ml of freezing medium 
in 1 ml amounts into 1.8 ciyotubes and placed into the freezing chamber of the 
programmable KRYO-10 freezer. The freezing protocol is shown at the top of the graph. 
The cells were subsequently transferred for storage in the vapour phase of a nitrogen 
dewar.
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METHOD 10
From 4 °C to -160 °C at -35 °C/min
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Figure 8.5. Rat hepatocytes were aliquoted at 3x10^ viable cells/ml of freezing medium 
in 1 ml amounts into 1.8 cryotubes and placed into the freezing chamber of the 
programmable KRYO-10 freezer. The freezing protocol is shown at the top of the graph. 
The cells were subsequently transferred for storage in the vapour phase of a nitrogen 
dewar.
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METHOD 11
From 4 °C to -40 °C at -35 °C/min; 
from -40 °C to -100 °C at -100 °C/min; 
from -100 °C to -160 °C at -35 °C/min.
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Figure 8.6. Rat hepatocytes were aliquoted at 3x106 viable cells/ml of freezing medium 
in 1 ml amounts into 1.8 cryotubes and placed into the freezing chamber of the 
programmable KRYO-10 freezer. The freezing protocol is shown at the top of the graph. 
The cells were subsequently transferred for storage in the vapour phase of a nitrogen 
dewar.
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METHOD 12
From 4 °C to -35 °C at -35 °C/min; 
from -35 °C to -42 °C at -1 °C/min; 
from -42 °C to -160 °C at -35 °C/min.
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Figure 8.7. Rat hepatocytes were aliquoted at 3x10^ viable cells/ml of freezing medium 
in 1 ml amounts into 1.8 cryotubes and placed into the freezing chamber of the 
programmable KRYO-10 freezer. The freezing protocol is shown at the top of the graph. 
The cells were subsequently transferred for storage in the vapour phase of a nitrogen 
dewar.
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METHOD 13
Maximum cooling rate with KRYO-10 freezer. 
Approximate cooling rate-106 °C/min.
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Figure 8.8. Rat hepatocytes were aliquoted at 3x10^ viable cells/ml of freezing medium 
in 1 ml amounts into 1.8 ciyotubes and placed into the freezing chamber of the 
programmable KRYO-10 freezer. The freezing protocol is shown at the top of the graph. 
The cells were subsequently transferred for storage in the vapour phase of a nitrogen 
dewar.
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METHOD 15
From 4 °C to 0 °C at -35 °C/min; 
from 0 °C to >10 °C at -1 °C/min; 
from -10 °C to -160 °C at -35 °C/min.
20
-20
-40 -Ü
0)L.
Z3
2 -60 L0)
a .I -100  -
-120  -
-140 -
-160
0 4 62 8 10 12 14 16
t i m e  (min)
Temperature at the centre of the cell suspension. 
Temperature in the freezing chamber.
Figure 8.9. Rat hepatocytes were aliquoted at 3x106 viable cells/ml of freezing medium 
in 1 ml amounts into 1.8 ciyotubes and placed into the freezing chamber of the 
programmable KRYO-10 freezer. The freezing protocol is shown at the top of the graph. 
The cells were subsequently transferred for storage in the vapour phase of a nitrogen 
dewar.
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NR UPTAKE IN CRYOPRESERVED HEPATOCYTES
a. Exposure period from 24 to 48 hours
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Figure 8.10. Cryopreserved rat hepatocytes (control method) after freeze-thawing were 
cultured in WEI medium for 2 hours and in WE2 medium for a subsequent 46 hours. 
Cells were exposed to MP for a. 24 hours commencing after 24 hours in culture; and b. 
for 46 hours commencing after 2 hours in culture. NR uptake was measured after a total 
of 48 hours in culture. The graphs represent the mean±SD of 3 separate experiments with 
4 replicate cultures per treatment group.
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NR UPTAKE IN CRYOPRESERVED HEPATOCYTES
a. Exposure period from 24 to 48 hours
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Figure 8.11. Cryopreserved rat hepatocytes (control method) after freeze-thawing were 
cultured in WEI medium for 2 hours and in WE2 medium for a subsequent 46 hours. 
Cells were exposed to PB for a. 24 hours commencing after 24 hours in culture; and b. 
for 46 hours commencing after 2 hours in culture. NR uptake was measured after a total 
of 48 hours in culture. The graphs represent the mean±SD of 3 separate experiments with 
4 replicate cultures per treatment group.
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EFFECT OF CRYOPRESERVATION ON FLUORESCENCE OF 
HEPATOCYTES STAINED WITH RHODAMINE 123 AND PROPIDIUM
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Figure 8.12. Dot-plot chart of fluorescence on channel 3 (due to PI) of each cell (in 
arbitrary units) versus fluorescence (in arbitrary units) on channel 1 (due to Rhl23). 
Cryopreserved hepatocytes (control freezing method) were incubated at 37°C for 25 
minutes and stained with Rhl23 and PI. Each dot represents one cell.
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EFFECT OF CRYOPRESERVATION ON VIABILITY AND MITOCHONDRIAL
MEMBRANE POTENTIAL
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Figure 8.13. Rat hepatocytes in suspension were incubated at 37 °C from 0 to 125 
minutes and stained with Rhl23 and PI. The stained samples were monitored in a 
FACScan flow cytometer. Freshly isolated ( B ) were compared with cryopreserved ( x ) 
hepatocytes (control freezing method).
a. Represents the % of cells with active mitochondria that sequestered Rhl23 and did not 
stain with PI (group 1); b. Represents the mean level value of Rhl23 staining for cells in 
group 1 calculated as % of control (non-treated cells at 10 minutes). Results are the mean 
of 3 experiments. Between 3000 and 5000 cells were analysed per datum point within 
each experiment. * Significantly different from fresh cells at 10 minutes (p<0.05).
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EFFECT OF CRYOPRESERVATION ON VIABILITY AND % OF CELLS WITH
LOW MITOCHONDRIAL MEMBRANE POTENTIAL
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Figure 8.14. Rat hepatocytes in suspension were incubated at 37 °C from 0 to 105 
minutes and stained with Rhl23 and PL The stained samples were monitored in a 
FACScan flow cytometer. Freshly isolated ( B ) were compared with cryopreserved ( x ) 
hepatocytes (control freezing method).
a. Represents the % of cells which stained with PI (group 2); b. Represents the % of cells 
with very low Rhl23 stain (very low mitochondrial activity) and not stained with PI 
(group 3). Results are the mean of 3 experiments. Between 3000 and 5000 cells were 
analysed per datum point within each experiment. * Significantly different from fresh 
cells at 10 minutes (p<0.05).
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8.3. DISCUSSION
Changes in NR uptake after 48 hours of culture were indicative of a decrease in 
hepatocyte survival following cryopreservation. This was despite the fact that the same 
number of viable cells, as assessed by Trypan Blue exclusion, were plated and that 
attachment efficiency, as assessed after 2 hours, was similar for fresh and cryopreserved 
hepatocytes. This confirms previous research in this laboratory (Lawrence and Benford, 
1991) and that Trypan Blue test of viability is a rather insensitive method to detect harmful 
effects on cells after cryopreservation. Increasing the attachment time did not improve 
subsequent survival.
However, stimulation of DNA synthesis by EOF at 48 hours resulted in similar levels for 
both freshly isolated and cryopreserved cells. The data suggested that the same proportion 
of cells was stimulated in both cases despite an overall decrease in the total cell population 
after cryopreservation.
Lowering the temperature to -20 °C in the absence of freezing using different cooling 
rates, did not result in a decrease in survival of hepatocytes in culture compared to freshly 
prepared cells. It has been reported that 'cold shock' harms all types of cells, but that the 
effect may vary depending on the final temperature attained, the rate of cooling and the 
presence of a cryoprotectant (Morris et al, 1983). In the conditions of the present study 
the effect due to 'cold shock' was negligible.
Coohng rates between -10 to -50 °C!/min appear optimal which confirms previous data 
from this laboratory. This is in agreement with the theory that there is an optimum cooling 
rate for each particular type of cell, because survival is a consequence of two factors: 
intracellular freezing, the probability of which increases with increasing cooling rate; and 
prolonged exposure to extracellular freezing the probabihty of which decreases with 
increasing cooling rate (Mazur, 1984).
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The disagreements often found in the literature on the optimal cooling rate (Section 1.9.1) 
could be due to that the changes in the temperature inside the cell suspensions are not 
recorded and therefore the theoretical rates might not correspond to the actual real rates. 
The rate of cooling inside the cell suspension would vary depending on a number of factors 
including: the sample volume, type of container, density of cells and composition of 
freezing medium. Use of the programmable freezer did not improve upon the results 
obtained using the simple freezing tray in the liquid nitrogen dewar. However, it was an 
essential tool to be able to follow the temperature changes inside the cell suspension itself 
at the same time as the changes in the freezing chamber.
It was observed that the temperature of release of heat of fusion was the critical point in 
the cryopreservation protocols. A slow cooling rate that allowed the release of heat of 
fusion at -6 °C was detrimental to hepatocyte survival in culture. Rapid cooling rates 
which reduced the release of heat of fusion were optimal. These results are in agreement 
with Diener et al (1993) who also observed that the viability of hepatocytes improved 
when a shock cooling led to an immediate crystallisation of the suspension and there was 
elimination of the produced latent heat of fusion. In this way, recrystallization and growth 
of small and presumably innocuous ice crystals that may have formed intracellularly during 
the coohng phase would be avoided. A slow coohng rate of -2 °C/min before and after the 
coohng shock was reported to be optimal (Diener et al, 1993). In the present study it was 
found that the coohng rate before and after the temperature of the release of heat of fusion 
had httle influence on the viability and survival of hepatocytes.
Measurement of thymidine incorporation, NR uptake, protein content and yield of viable 
cells gave an overall assessment of the subsequent survival and function of hepatocytes in 
culture fohowing ciyopreservation. The addition of DMSO was found to be necessary to 
cryopreserve hepatocytes as reported in the literature (Coundouris et al, 1993; Chesné and 
Guihouzo, 1988; Powis et al, 1987). L-15 or WE medium with 10% DMSO added were 
the optimal freezing media tested. The omission of PCS from the medium did not appear
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critical for cell survival. This is in agreement with the report of Loretz et al (1989) who 
studied the effect of serum (foetal bovine serum) concentration (0% up to 90%) in the 
freezing medium, made up with 10% DMSO and Waymouth medium. They found that 
hepatocyte recovery was the same at all serum concentrations used. Chesné and Guillouzo 
(1988) also observed that there were only slight differences in cell attachment with 
different concentrations of PCS in the cryoprotective medium (L15 medium containing 
16% DMSO).
Cryopreserved hepatocytes were more sensitive to the toxic effect of MP than freshly 
isolated hepatocytes. It could be speculated that this was due to that cryopreserved cells 
had compromised mitochondrial activity (section 8.2.9) and MP has been observed to 
inhibit mitochondrial membrane potential (section 5.2.1). Cryopreserved hepatocytes were 
not more sensitive than fresh cells to the effect of PB suggesting that the two chemicals 
have different mechanisms of toxicity. Therefore, it would not be reliable to use 
cryopreserved hepatocytes to test cytotoxicity because the results would vary depending 
on the mechanism of toxicity of the test chemical. However, it has been reported that 
cryopreserved hepatocytes stored for extended periods of time in liquid nitrogen retain tWr 
metabolic capacity after 48 hours in culture (Chesné et al, 1993; Diener et al, 1993) and 
their ability to activate precarcinogens such as 2-acetylamino fluorene, 7,12- 
dimethylbenz[a] anthracene and dimethylnitrosamine (Shaddock et al, 1993). They 
reported that these genotoxic carcinogens induce similar unscheduled DNA synthesis 
responses (measure of DNA damage and repair) in cultures prepared with fresh or 
cryopreserved hepatocytes.
The viability of cryopreserved rat hepatocytes decreased more rapidly than freshly isolated 
cells as assessed with the FACScan cell cytometer. An earlier increase of the percentage of 
cryopreserved hepatocytes with very low mitochondrial activity (group 3) compared to the 
increase in dead cells (group 2) suggests that mitochondrial membrane potential was 
affected before the cell membrane was impaired and the cells stained with PI. These results
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correlated with Belous et al (1990) who observed that cryopreservation produces 
alteration of mitochondrial membrane structural organization with lateral separation of 
lipids and impairment of membrane permeability.
The respiration rate (State 4) of cryopreserved hepatocytes was seen to be similar to 
freshly isolated hepatocytes. However, the respiration function was impaired as it was 
found that the stimulation of respiration rate produced by the addition of ADP and/or an 
uncoupler of respiration was lower than for fresh cells.
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CHAPTER 9
GENERAL DISCUSSION AND CONCLUSIONS
The mechanism of hepatocarcinogenicity of MP can be explained by the modulation of cell 
proliferation and apoptosis through signal transduction pathways based upon the data 
presented in this thesis. This is in agreement with the signal transduction model of 
carcinogenesis proposed by Schuller (1991). MP and PB induced both cell proliferation 
and apoptosis, but the response of hepatocytes was dependent on the culture conditions. 
DNA synthesis and apoptosis were both stimulated by MP and PB in hepatocytes cultured 
in a serum-free medium containing insulin, dexamethasone and EOF. MP prevented the 
stimulation of apoptosis by TGF-Pi and decreased the number of apoptotic cells in culture 
medium supplemented with FCS. This is in agreement with the observation of Evans 
(1993) that the pathways leading to apoptosis could be linked to those involved in cell 
proliferation.
This study also demonstrated that MP induced an increase in intracellular calcium, which 
has been reported to precede both cell proliferation (Witman and Cantiey, 1988; Bieri, 
1993) and apoptosis (McConkey et al, 1988). Various second messengers are reported to 
be involved in both processes. Activation of protein kinase C has been observed in the 
mitogenic response to growth factors, and peroxisome proliferators (Bieri, 1993) and in 
the inhibition of apoptosis by phorbol esters (McConkey and Orrenius, 1991). Inhibition of 
protein kinase C by polymyxin B and staurosporin in suspensions of hepatocytes in serum 
containing medium, has been reported to stimulate apoptosis (Sanchez et al, 1992). In the 
case of MP, it could be speculated that it stimulates protein kinase C activity through an 
antagonistic effect to histamine, binding to the HI histaminic receptor. This receptor 
operates via the phospholipase CAnositol triphosphate second messenger pathway which, 
in turn, leads to the activation of a Ca^+Zcalmodulin-dependent protein kinase C.
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Elevation of cAMP-dependent protein kinase type I isoenzyme is related to active cell 
proliferation whereas type II isoenzyme causes a strong inhibition of cell proliferation 
(Cho-Chung, 1990). It has been reported that for DNA synthesis to take place a brief 
prereplicative rise in cellular cAMP is necessary (Boynton and Whitfield, 1979; Miyazaki 
et al, 1992; Thorensen et al, 1992). Raised cAMP levels have also been reported to induce 
apoptosis (Kizaki et al, 1990). It could be speculated that MP binds to various receptors 
which would activate several second messengers (e.g. protein kinase C, cAMP, Ca^+) 
which in turn would activate the oncogenes responsible for either cell proliferation or 
apoptosis depending on the state and needs of the cell and the presence of other factors 
such as EOF or TGF-pi. This correlates with the theory of Evans (1993) which suggests 
that more than one pathway may be activated by one substance and that the same event 
may be activated via multiple pathways.
Cytotoxicity of MP in rat hepatocytes appeared to involve inhibition of mitochondrial 
function. MP decreased mitochondrial membrane potential prior to loss of viability and MP 
was demonstrated to be an uncoupler of respiration. It could be speculated that if the 
synthesis of ATP is inhibited, cells would have to produce more mitochondria in an 
attempt to obtain more energy. Cells require energy to undergo cell proliferation, which is 
also stimulated by MP. This is a possible explanation for the proliferation of mitochondria 
found in hepatocytes of rats treated chemically with MP.
Ciyopreservation studies confirmed that it is critical to use rapid cooling rates 
(> -10 °C/min) around the temperature of release of heat of fusion to improve survival. 
However, there is still a decrease in viability to 60% and loss of two-thirds of total cells 
after thawing.
Cryopreserved rat hepatocytes could be employed to measure the stimulation of DNA 
synthesis by different factors or chemicals as hepatocytes exhibited similar levels of DNA
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synthesis to freshly isolated cells after 48 hours in culture. However, the survival for 48 
hours in culture of cryopreserved hepatocytes was decreased.
Compared to freshly prepared cultures, cryopreservation decreased mitochondrial activity 
of rat hepatocytes. Mitochondrial membrane potential and respiration rates were lower 
after freeze-thawing of hepatocytes compared to freshly isolated cells. Hepatocytes 
following cryopreservation, were more sensitive to the cytoxic effects of MP than freshly 
isolated cells. This greater sensitivity may be due to the fact that MP also decreased 
mitochondrial membrane potential, which is already impaired in cryopreserved 
hepatocytes. The use of cryopreserved hepatocytes for cytotoxicity studies suggests that 
caution should be taken as the outcome of exposure to chemicals will be dependent on the 
mechanism of toxicity.
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